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ABSTRACT 

Development of animals involves both an intrinsic program determined by 

genetics and an adaptive system reacting to environmental variants. In fruit fly 

Drosophila melanogaster, the juvenile-to-adult transition is largely governed by a 

neuroendocrine axis in which the PTTH-producing PG neurons and the larval 

endocrine organ prothoracic gland (PG) play the central role. However, the 

mechanism underlying the regulation of this neuroendocrine axis is not fully 

understood. In this thesis two discoveries are made on both the genetic control of 

the neuroendocrine axis and its response to nutritional stress. 

Firstly, the author demonstrates that autophagy acts as a nutritionally-

regulated gating mechanism which helps ensure productive metamorphosis in 

Drosophila. Autophagy in the PG is specifically stimulated by nutrient restriction 

at the early, but not the late third instar larva stage, which inhibits precocious 

metamorphosis during nutrient restriction in undersized larvae. Induction of 

autophagy disrupts production of the steroid hormone ecdysone at the time of 

pupariation not by destruction of hormone biosynthetic capacity, but rather by 

limiting the availability of the steroid hormone precursor cholesterol in the 

endocrine cells via a lipophagy mechanism. These findings demonstrate an 

autophagy mechanism in PG cells that helps shape the nutritional checkpoints 

and guarantee a successful juvenile-to-adult transition in animals confronting 

nutritional stress. 

Secondly, the author shows that Jeb/Alk and Pvf/Pvr pathways function jointly 

with PTTH/Torso pathway in the PG neuron-PG neuroendocrine axis to control 

developmental timing in Drosophila. In the two pathways, Jeb and Pvf ligands are 

expressed in the PG neurons, which activate the Alk and Pvr receptors 

respectively in the PG. Suppression of the Jeb/Alk or Pvf/Pvr pathway causes 

developmental timing delay in the larva, which is exacerbated when combined 

with mutation of ptth. Activation of the pathways rescues the developmental delay 

caused by ptth mutation, indicating a compensatory effect. These data 

demonstrate that the Jeb/Alk and Pvf/Pvr pathways are among the previously 
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proposed additional signals from the PG neuron-PG axis which function jointly 

with the PTTH/Torso pathway to control developmental timing. 

 

Six movies, Movie 1-6, showing the movements of autophagy structures in 

the PG cells (related to Figure 28 and 29 in Chapter 2) are included as 

supplementary files in the thesis. The details of the movies are described in the 

related texts. 
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CHAPTER 1 
 

Introduction 
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 In multicellular organisms, successful development involves both precise 

intrinsic controls on the developmental procedures, such as cell growth, 

differentiation, tissue patterning and body organization, but also a flexible system 

that regulates the developmental processes in response to environmental variants. 

Understanding how animals orchestrate the “solid” developmental program 

determined by the genetics and the “fluctuating” environmental conditions will 

provide us not only an insight on the “designing” strategy of animal development 

by evolution but also a reference to the understand of human development 

disorders. 

 A good example in animal development reflecting the orchestration between 

genetics and environment is the juvenile-to-adult transition, which marks a 

milestone during development of an individual - the attainment of sexual maturity. 

In metazoan, the transition can be achieved by developmental processes of stark 

differences, such as metamorphosis in insects and puberty in mammals.  

However, the determination of the transition is achieved by quite comparable 

mechanism across species, which involves both internal developmental signals 

and a system responding to environmental changes. For example, in both fruit fly 

Drosophila melanogaster and human being, the hormone that directly triggers the 

transition is produced from steroid, while the hormone production is regulated by 

both neuroendocrine circuit and environmental factors such as the nutritional 

status of the animal (Navarro & Tena-Sempere, 2011; Nijhout et al., 2014). Rested 

on these similarities, studies on the juvenile-to-adult transition in model system 

such as Drosophila may shed light on the understand of human disorders on 

puberty control, such as puberty retardation and precocious puberty caused by 

either neurologic disorders or overnutrition. 

 In my thesis work, I follow the idea above to study the genetic and 

environmental control of the timing of juvenile-to-adult transition in Drosophila. As 

a well-developed model organism, Drosophila has abundant tools and resources 

to carry out both genetic manipulation and biochemical and cell biological tests. 

The life cycle of Drosophila also makes it amenable to precise tracking of 
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development in several days. Especially, the progress of the juvenile-to-adult 

transition in Drosophila, the metamorphosis process, has been well characterized 

and the onset of the transition can be easily recognized by the event of puparium 

formation (Yamanaka, Rewitz & O'Connor, 2013). All these advantages make 

Drosophila an excellent model for the study of juvenile-to-adult transition and its 

regulation. 

In this chapter, I introduce an overview of what is known about the juvenile-

to-adult transition in Drosophila and the mechanism underlying the timing of the 

transition by both intrinsic and environmental factors. 

 

1.1  Overview of hormonal control of development in Drosophila 
melanogaster 
1.1.1 Life cycle and developmental timing of Drosophila 
 Similar to most metazoan species, the life cycle of Drosophila melanogaster 

starts from a fertilized egg and completes as a fertile adult fly. Upon egg laying, 

embryonic development occurs within the egg chamber, which develops into a 1st 

instar (L1) larva. After hatched from the egg, the L1 larva keep foraging and 

growing, during which it undergoes two molting activities to develop into 2nd (L2) 

and 3rd instar (L3) larva. At the end of L3 stage, the larva experiences a 

wandering stage, in which it leaves the food source and crawl around to search 

for an appropriate site to undergo metamorphosis. At the beginning of the 

metamorphic transition, a larva firstly undergoes puparium formation (pupariation), 

during which the cuticle of the L3 larva turns into the puparium case. At this stage, 

the developing fly is named prepupa. Afterward, one more molting event (larva-

pupa apolysis) takes place to form a pupa, and metamorphosis continue to 

progress within the puparium and pupa cases (Fraenkel & Bhaskaran, 1973). At 

the end of the pupa stage, the adult fly ecloses from the pupa case and becomes 

sexually mature shortly (~8 hrs) after eclosion. 

 Under a favorable situation, the timing of development of Drosophila is also 

precisely programmed by its genetics (Figure 1). Under a favorable living 
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temperature (25°C), each of the embryonic development, the L1 and L2 stages 

takes around 24 hours to complete, while the L3 stage takes around 2 days. 

Following a wandering stage at the end of L3 stage, the larva pupariates and 

undergoes metamorphosis in another 3.5-4.5 days. Upon completion of 

metamorphosis, the eclosion activity of Drosophila is largely affected by diurnal 

cycle (Bakker & Nelissen, 1963). Thus, the full life cycle of Drosophila takes 8.5-

9.5 days, depending on the time in the day at which metamorphosis is completed. 
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Figure 1. Life cycle of Drosophila melanogaster. 
The schematic picture shows the developmental stages and the time spent in 

each stage during the life cycle of Drosophila melanogaster. The timing scheme 

represents a typical development progress under favorable condition (25°C with 

sufficient food supply). 
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1.1.2 Hormonal control of developmental timing in Drosophila 
 In species in Insecta, the timing of developmental transitions including larval 

moltings and metamorphosis is predominantly controlled by the coordination of 

activities of two hormones, ecdysone and juvenile hormone (JH). In some 

holometabolous orders such as Lepidoptera and Coleoptera, the pulses of 

ecdysoneinduce molting activities, while JH determines the nature of the molting 

(either larva-larva or larva-pupa apolysis). At the last instar stage of these species, 

the synthesis of JH is suppressed, which allows larvae to undergo larva-pupa 

molting thus starting metamorphosis (C. K. Mirth & Riddiford, 2007; Nijhout & 

Williams, 1974a). Addition of JH at the last larva stage causes repetition of larva-

larva molting in the animal (Riddiford, 1994), while experimental removal of JH 

results in precocious larva-pupa molting and metamorphosis (Minakuchi, Namiki, 

Yoshiyama & Shinoda, 2008; Tan, Tanaka, Tamura & Shiotsuki, 2005). In 

Drosophila, however, JH does not function in the same way as in the other 

holometabolous species mentioned above. The removal of JH producing organ, 

the corpus allatum (CA), causes change on growth rate but not on determination 

of the fate of molting (C. K. Mirth et al., 2014; Riddiford, Truman, Mirth & Shen, 

2010). Therefore, the focus of the following text is only put on E, the master 

regulator of developmental timing in Drosophila. 

 Unlike JH, the biology of ecdysone in Drosophila is quite comparable to other 

holometabolous insects. As a steroid hormone, ecdysone is synthesized from 

cholesterol or other relevant steroid precursors following a series of enzymatic 

steps (Niwa & Niwa, 2014). Most of these steps are completed in one of the major 

endocrine organs in Drosophila larva, the prothoracic gland (PG), which 

comprises of a large part of the ring gland (Yamanaka, Rewitz, et al., 2013). Ahead 

of each molting activity, a pulse of ecdysone is produced in the PG cells and 

released into hemolymph through a vesicle-mediated pathway (Figure 2) 

(Yamanaka, Marques & O'Connor, 2015). Upon releasing, ecdysone is taken up 

by targeting tissues where it is converted into 20-hydroxyecdysone (20E) by a 

specific P450 enzyme Shade (Petryk et al., 2003). 20E works as the functional 
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ecdysone which binds to ecdysone receptor (EcR) and its functioning co-receptor 

Ultraspiracle (Usp) and subsequently leads to a downstream gene expression 

cascade that directs the metamorphosis process (Riddiford, Cherbas & Truman, 

2001). At the same time, 20E also stimulates expression of Cyp18a1, a 20E 

inactivating P450 enzyme, which leads to a negative feedback lowering the 20E 

level in the targeting cells when the surge of ecdysone production ceases (Rewitz, 

Yamanaka & O'Connor, 2010). 
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Figure 2. Ecdysone titer profile during Drosophila development. 
The schematic picture shows the ecdysone titers during Drosophila development 

that trigger developmental transitions. Figure adapted from (Kozlova & Thummel, 

2000). 
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1.1.3 Ecdysone biosynthetic pathway 
As mentioned above, ecdysone is synthesized by a series of enzymatic steps 

from cholesterol. Like most insects, Drosophila is a strict auxotroph of cholesterol 

whose steroid hormone synthesis thoroughly relies on dietary sterols (Clayton, 

1964). Upon food uptake, sterols are transported via hemolymph and stored in 

lipid droplets in various tissues including the PG (Talamillo et al., 2013). Mutant 

flies with defects on lipid transportation in the hemolymph or cholesterol trafficking 

within cells often present severe developmental defects. For example, mutants of 

apolipoprotein genes, such as apolipophorin (apolpp) and apolipoprotein lipid 

transfer particle (Apoltp), are embryonic or L1 larval lethal (Palm et al., 2012). 

Similarly, mutation of cholesterol trafficking proteins such Niemann-Pick type C-

1a (Npc1a) and Niemann-Pick type C-2a/2b (Npc2a/2b) causes L1 larval and L3 

larval/pupal lethality respectively (Huang, Suyama, Buchanan, Zhu & Scott, 2005). 

In the ecdysone synthesis pathway, cholesterol is firstly converted into 7-

dehydrocholesterol (7dC) by Neverland (Nvd), a Rieske protein functioning as a 

7,8-dehydrogenase (Yoshiyama-Yanagawa et al., 2011; Yoshiyama, Namiki, Mita, 

Kataoka & Niwa, 2006) (Figure 3). Subsequently, 7dC is converted into 5β-

ketodiol in multiple steps. So far, the intermediates in these steps have not been 

successfully elucidated, possibly due to the unstable nature of the reaction 

intermediates. Therefore, these not-fully-characterized steps are collectively 

referred to as the “Black Box” in the pathway (Niwa & Niwa, 2014) (Figure 3). In 

the “Black Box” several candidate intermediates has been identified, such as 

cholesta-5,7-diene-3-one (3-oxo-7dC), cholesta-4,7-diene-3,6-dione-14α-ol (Δ4-

diketol), and 5β[H]cholesta-7-ene-3,6-dione-14α-ol (diketol) (Blais et al., 1996; 

Saito, Kimura, Kaieda, Nishida & Ono, 2016; Warren, O'Connor & Gilbert, 2009). 

Additionally, several genes are also found involved in the catalytic steps in the 

“Black Box”, including shroud (sro), Cyp6t3, spook (spo) and spookier (spok) 

(Namiki et al., 2005; Niwa et al., 2010; Ono et al., 2006; Ou, Magico & King-Jones, 

2011). Despite of these findings, the clear positioning of these enzymes and 

steroid intermediates in the “Black Box” has not been resolved. Downstream of 
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the “Black Box”, the enzymatic processes from 5β-ketodiol, the immediate product 

out of the “Black Box”, to the functional hormone product 20E has been clearly 

delineated. Sequential hydroxylation are carried out on the 25’, 22’, 2’ and finally 

the 20’ position carbon by four cytochrome-P450 monooxygenases Phantom 

(Phm), Disembodied (Dib), Shadow (Sad) and Shade (Shd) respectively (Chavez 

et al., 2000; Niwa et al., 2004; Petryk et al., 2003; Warren et al., 2002; Warren et 

al., 2004) (Figure 3). Mutants of all the ecdysone synthetic genes are 

embryonic/early-stage larval lethal, which reflects the strict requirement of 

ecdysone in development. To be noted, the phenotype of many of the mutants, 

such as those of phm, dib, sad, shd and spo, were firstly documented in the 

screening for larval cuticle patterning defects carried out by Christiane Nüsslein-

Volhard and Eric Wieschaus (Jurgens, Wieschaus, Nussleinvolhard & Kluding, 

1984; Nussleinvolhard, Wieschaus & Kluding, 1984; Wieschaus, Nussleinvolhard 

& Jurgens, 1984). The genes were given ghost-relevant names due to the naked 

cuticle phenotype of the mutants. And following this idea, the ecdysone synthetic 

genes discovered afterward were also named under this criterion and the whole 

class of genes are collectively called Halloween genes. 
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Figure 3. Ecdysone biosynthetic pathway in Drosophila. 
The figure shows the ecdysone biosynthetic pathway that is known so far. The 

biosynthetic intermediates and ecdysteroidogenic enzymes involved are also 

noted. Figure cited from (Niwa & Niwa, 2014). 
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1.1.4 Biological actions in response to ecdysone 
 Upon releasing from the PG, the surge of ecdysone triggers a complex 

cascade of gene transcription activities in targeting cells. After converted into its 

active form in the targeting cells, ecdysone (the active form 20E) binds with its 

receptor, a heterodimer of EcR and Usp (Yao et al., 1993; Yao, Segraves, Oro, 

Mckeown & Evans, 1992). The EcR/Usp receptor complex recognizes specific 

consensus DNA sequence defined as ecdysone response element (EcRE), which 

frequently locates in the promoter region of ecdysone responsive genes, and 

induces complex changes on gene transcription activities in response to ligand 

binding. 

As a transcription factor, the EcR/Usp complex is able to interact with various 

cofactors in ligand dependent or independent fashion, which largely determines 

its activity. For instance, the ligand-independent interaction between the EcR/Usp 

complex and corepressor SMRTER mediates transcription repression of target 

genes (Tsai, Kao, Yao, McKeown & Evans, 1999). However, the interaction 

between EcR/Usp and another corepressor, dMi-2 in the nucleosome remodeling 

and deacetylation (NuRD) complex, is facilitated by ecdysone binding (Kreher et 

al., 2017). On the other hand, coactivators such as the nucleosome remodeling 

factor (NURF) complex (Ables & Drummond-Barbosa, 2010; Badenhorst et al., 

2005), the Brahma (SWI/SNF) complex (Zraly & Dingwall, 2012; Zraly, Middleton 

& Dingwall, 2006) and Taiman (Bai, Uehara & Montell, 2000; Zhang et al., 2015) 

bind with the receptor all in ecdysone dependent way, triggering receptor 

mediated gene activation. Besides direct binding partners, a series of histone 

modifier, such as histone acetyltransferase CREB binding protein (CBP) (Kirilly et 

al., 2011), lysine methyltransferase TRR (Carbonell, Mazo, Serras & Corominas, 

2013; Sedkov et al., 2003) and arginine methyltransferase DART1 (Kimura et al., 

2008), are also functionally relevant to the action of the receptor. With the 

regulation from these cofactors, the ecdysone receptor can exert precise control 

on the targeting genes expression, especially in response to the ecdysone titers 

during developmental transitions. 
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The sophisticated activity of ecdysone receptor and its cofactors 

unsurprisingly leads to a complicated, but well organized, downstream gene 

expression cascade. The biological actions in response to ecdysone were firstly 

studied in Drosophila by Ashburner and colleagues. The pioneering studies tested 

the ecdysone induced puffing pattern in larval salivary gland polytene 

chromosomes, following which a model was proposed to explain the temporal 

regulation of puffing activities following ecdysone stimulation in 1974 (Ashburner, 

Chihara, Meltzer & Richards, 1974). In this model, ecdysone stimulates gene 

expression temporally during development (Figure 4). The ligand bound receptor 

firstly activates expression of the “early” puff genes and subsequently the “early” 

gene products suppress the promoter region of the “early” genes themselves and 

simultaneously activate “late” puff genes. The “late” puff genes can be further 

classified into “early-late” and “late-late” genes. The “early-late” genes are 

activated comparatively earlier, which requires existence of ecdysone for their 

activation. By contrast, the “late-late” genes are induced later when ecdysone 

level decreases and remain activated in the absence of E. The activation cascade 

of different groups of genes occurs in parallel with the ecdysone titer during 

development, thus achieving a precise coordination between hormone level and 

transcription factor activities in targeting tissues (Thummel, 1996). 

Among the ecdysone responsive genes, many of the well-characterized “early” 

genes are transcriptional factors, such as E74, E75 and the Broad Complex (Br-

C) (Burtis, Thummel, Jones, Karim & Hogness, 1990; DiBello, Withers, Bayer, 

Fristrom & Guild, 1991; Segraves & Hogness, 1990; Thummel, Burtis & Hogness, 

1990). Structural genes are also recognized in “early” puffs, such as E63-1 which 

encodes a calcium binding protein that regulates salivary gland glue secretion at 

the time of pupariation (Andres & Thummel, 1995; Biyasheva, Do, Lu, Vaskova & 

Andres, 2001; Vaskova et al., 2000). Compared with “early” genes, the “late” 

genes are regulated by more factors (including the “early” genes) and show higher 

diversity in both functionality and tissue specificity. Thus, a clear landscape of “late” 

gene activity in the ecdysone induced cascade has not been well drawn by case 
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studies. However, as genome-wide approaches are introduced in recent years, 

new tools are employed in the study of ecdysone responsive network (Ables, 

Hwang, Finger, Hinnant & Drummond-Barbosa, 2016; Davis & Li, 2013; T. R. Li & 

White, 2003; Shlyueva et al., 2014; Stoiber, Celniker, Cherbas, Brown & Cherbas, 

2016), which leads to a more and more clear answer to the longstanding question. 
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Figure 4. The Ashburner model of ecdysone induced cascade in Drosophila. 
The schematic picture shows the Ashburner model that was proposed by 

Ashburner and colleagues in 1974 (Ashburner et al., 1974). The additional 

concepts of “early-late” and “late-late” genes defined in the following studies are 

also included (Ashburner & Richards, 1976). Picture cited from (Thummel, 2002). 
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1.2  Upstream signals controlling developmental timing of 
Drosophila melanogaster 
 As the ecdysone producing organ, the PG is considered the organization 

center of that determines the timing of ecdysone production and thereby the onset 

of molting activities and metamorphosis. To achieve the decision-making role in 

this process, the PG cells orchestrate signals from multiple resources which 

reflects the physiological conditions of the animal as well as the influences from 

environment. In this session I introduce the upstream signals that contribute to 

the control of hormone synthesis in the PG. 

1.2.1 Prothoracicotropic Hormone and Torso pathway 
 Considered as the predominant upstream controller of PG function for 

decades, prothoracicotropic hormone (PTTH) is a neuropeptide hormone that 

directly triggers the ecdysteroidogenic activity of the PG. From the first prediction 

as an unknown brain-derived factor in 1920s (Kopeć, 1922), PTTH has been 

studied in depth in multiple insect species (review, see (W. Smith & Rybczynski, 

2012)). Due to these intensive studies, the PTTH-producing neurons (commonly 

named PG neurons after their innervating target) has been considered the 

controlling center of developmental timing, which integrates upstream (mostly 

neuronal) signals and interprets them into a single output toward the PG. More 

recently, however, studies begin to show that a series of other factors can affect 

PG function through PTTH-independent, endocrine-based pathways (introduced 

in sections below). These observations suggest that the PG, instead of the PG 

neurons, might be considered the bona fide decision-maker in the determination 

of developmental transitions. Even though, the activity of PTTH is still one of the 

most important upstream factors signaling to the PG. 

 In Drosophila, PTTH was firstly purified in 1997 (A. J. Kim, Cha, Kim, Gilbert 

& Lee, 1997) and the ptth gene was identified in 2007 (McBrayer et al., 2007). 

PTTH is produced in two pairs of lateral neuroendocrine neurons in the larval brain 

lobe, whose axons send direct projection to the PG. The expression of PTTH in 

the PG neurons exhibits a cyclic pattern, while at the end of L3 stage a surge of 
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expression occurs which precedes the subsequent ecdysone titer produced by 

the PG (McBrayer et al., 2007). In consistence with the function of PTTH, ablation 

of the PG neurons causes severe developmental delay (~5 days) (McBrayer et 

al., 2007). However, a follow-up study tested ptth mutants and observed much 

shorter developmental delay (~1 day) in the mutant animals compared with the 

neuron ablation model  (Shimell et al., 2018). The difference on the 

developmental timing phenotype indicates that some alternative signal may exist 

in the tropic signals emanating from the PG neurons. 

 Functionally, the PG neurons receive multiple upstream neuronal signals and 

integrate them into a precise signaling output to the PG. The pigment dispersing 

factor (PDF) expressing neurons, which response to the diurnal cycle, send 

projections to the PG neurons and contribute to the rhythmic expression of PTTH 

in the PG neurons (McBrayer et al., 2007; Vafopoulou & Steel, 1996). Another 

class of neurons expressing leucine-rich repeat-containing G protein-coupled 

receptor 3 (Lgr3) are also found to project to the PG neurons to suppress PTTH 

expression (Colombani et al., 2015; Garelli et al., 2015). Lgr3 is the receptor of 

Dilp8, an insulin-like peptide which responses to tissue injury during larva stage 

(Colombani, Andersen & Leopold, 2012; Garelli, Gontijo, Miguela, Caparros & 

Dominguez, 2012). Upon the occurrence of tissue damage, Dilp8 is secreted from 

the injured tissue which suppresses pupariation activity through the Dilp8-Lgr3 

neuron-PG neuron-PG signaling axis and arrests development temporarily to 

allow regenerative tissue repair. Recently, one more upstream signal is 

discovered from a screening for defects of PTTH production in the PG neurons. 

Two pairs of Allatostatin-A (AstA) expressing neurons are found to signal to the 

PG neurons through the AstA receptor (AstAR) expressed on the PG neurons 

(Deveci, Martin, Leopold & Romero, 2019). Unlike the Lgr3-expressing neurons 

which functions to sensing stress, the activity of AstA neurons is required for the 

intrinsic control developmental timing (Deveci et al., 2019). More interestingly, 

AstA and AstAR are homologous to human kisspeptin (Kiss) and its receptor 

GPR54 (Felix et al., 2015), two key factors in the hypothalamic-pituitary-gonadal 
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(HPG) axis that controls timing of puberty in human (Clarkson, Han, Liu, Lee & 

Herbison, 2010), suggesting a conserved molecular mechanism in the juvenile-

to-adult transition of insects and human (Figure 5). 

 Despite of the long history of studies on PTTH, the identity of the receptor of 

PTTH remains elusive until not long ago (compared with the decades-long 

research on PTTH). PTTH has long been predicted to signal through a G-protein 

coupled receptor (GPCR). The prediction stems from the facts that calcium (Ca2+) 

signaling and cAMP signaling are involved in the PTTH triggered ecdysone 

production pathway (W. A. Smith, Gilbert & Bollenbacher, 1984; W. A. Smith, 

Varghese, Healy & Lou, 1996; Venkatesh & Hasan, 1997). In 2009, however, 

Rewitz, et al. demonstrated that the receptor tyrosine kinase (RTK) Torso 

functions as the bona fide receptor of PTTH in Drosophila (Rewitz, Yamanaka, 

Gilbert & O'Connor, 2009). Activation of Torso receptor leads to downstream Ras-

Raf-Erk signaling cascade (Rewitz et al., 2009), which is consistent with previous 

findings that the Ras-Raf-Erk pathway is required for ecdysone synthesis 

(Caldwell, Walkiewicz & Stern, 2005; Rybczynski, Bell & Gilbert, 2001; 

Rybczynski & Gilbert, 2003). However, how the Ca2+ and cAMP signaling is 

activated by PTTH signal remains unclear. 
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Figure 5. Neuroendocrine signaling pathways regulating developmental 
timing in Drosophila. 
The diagram shows the signaling axis between AstA-producing neurons, PTTH-

producing PG neurons and the prothoracic gland (PG) which regulates the onset 

of metamorphosis in Drosophila. Two pairs of AstA neurons directly project to the 

dendritic region of the PG neurons. At the end of the third instar stage, AstA (red 

dots) is strongly expressed and released from AstA neurons, binds to its receptor 

AstAR1 on the PG neuron membrane and activates the neurons to release PTTH 

(yellow dots), which subsequently stimulates synthesis and secretion of ecdysone 

(blue dots) from PG cells through activation of its receptor Torso. The AstA 



20 

receptor shares a common ancestor with the Kisspeptin receptor in mammals, 

indicating a conserved molecular mechanism controlling juvenile-to-adult 

transition across species. Figure adapted from (Pan & O'Connor, 2019). 
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1.2.2 Insulin/Insulin-like Signaling pathway 
 Insulin/insulin-like peptides have been identified in a large number of animals, 

from flies to human beings. In Drosophila, eight insulin-like peptides (ILPs), 

namely Dilp1-8, have been detected in its genome, whose spatial and temporal 

expression patterns differs dramatically from each other. Among the eight DILPs, 

the loci of 5 DILP genes (dilp1-5) form a cluster of four continuous genes (dilp1-

4) with dilp5 separated by one other gene from dilp4. In parallel to the adjacency 

of the gene loci, four out of the five DILPs (Dilp1-3, 5) are expressed in a groups 

of neurosecretory cells (named insulin producing cells, IPCs) in larval brain lobe 

and three out of five (Dilp2, 3, 5) in adult IPCs (Brogiolo et al., 2001; Ikeya, Galic, 

Belawat, Nairz & Hafen, 2002). The activity of IPC-derived DILPs is dynamically 

regulated by nutrient condition in the animals (Ikeya et al., 2002), and ablation of 

the IPCs causes severe growth defects, developmental timing delay and diabetic 

phenotypes (Rulifson, Kim & Nusse, 2002). Since the IPC-derived DILPs are the 

only DILPs that are expressed throughout the larval stages and function 

systemically, they are proposed to be the major source of DILP ligands that 

regulates PG function. 

 Except for Dilp8 which binds with a GPCR family receptor Lgr3 (Colombani et 

al., 2015; Garelli et al., 2015), all other DILPs are proposed to function through a 

single receptor, the Drosophila insulin receptor (InR) (Brogiolo et al., 2001; 

Fernandez, Tabarini, Azpiazu, Frasch & Schlessinger, 1995). Following ligand 

binding, InR and its signaling adaptor protein Chico (homolog to human insulin 

receptor substrate 1-4) initiates the downstream signaling cascade from activation 

of phosphatidylinositide 3-kinase (Pi3K92E), which turns phosphatidylinositol 4,5-

bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3) (Bohni et 

al., 1999; Leevers, Weinkove, MacDougall, Hafen & Waterfield, 1996; Weinkove, 

Neufeld, Twardzik, Waterfield & Leevers, 1999). Pten, a phosphatase that 

mediates the reverse reaction, functions as a negative regulator of the signaling 

pathway (Goberdhan, Paricio, Goodman, Mlodzik & Wilson, 1999). Subsequently, 

PIP3 recruits phosphoinositide-dependent kinase 1 (Pdk1) to the cytosolic side of 
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cell membrane, which phosphorylates and activates Akt1 (Cho et al., 2001; Verdu, 

Buratovich, Wilder & Birnbaum, 1999). Upon activation, Akt1 phosphorylates 

multiple downstream effectors that mediate metabolic control of the cell, such as 

transcription factor forkhead box protein O (Foxo) (Junger et al., 2003) and tumor 

sclerosis complex 1 and 2 (Tsc1 and Gigas in Drosophila respectively), the key 

regulator of target of rapamycin (TOR) pathway (Ito & Rubin, 1999; Tapon, Ito, 

Dickson, Treisman & Hariharan, 2001). 

 It has been shown that insulin/insulin-like signaling (IIS) pathway plays crucial 

role in developmental timing control in Drosophila. In studies involving systemic 

suppression of the IIS pathway, both ablation of IPCs and mutations in InR result 

in severe delay of the onset of metamorphosis (7 and 10 days respectively) 

(Brogiolo et al., 2001; Rulifson et al., 2002). In the following studies, tissue specific 

manipulation of the IIS pathway further corroborates this finding. In three 

independent studies, suppression of the IIS pathway by overexpressing either 

Pten or dominant negative form of Pi3K92E causes obvious developmental delay 

at the onset of metamorphosis (Caldwell et al., 2005; Colombani et al., 2005; C. 

Mirth, Truman & Riddiford, 2005), proving that the timing phenotype observed in 

InR mutant and the IPC ablation model attributes to the loss of IIS in the PG cells. 

Despite of the delayed timing phenotype, activation of the IIS by overexpressing 

Pi3K92E in the PG does not cause acceleration of development (Colombani et al., 

2005), indicating that the IIS pathway itself is not sufficient to induce the ecdysone 

synthesis pathway in the PG. 

1.2.3 Target of Rapamycin (TOR) pathway 
Similar to the IIS pathway, the Target of Rapamycin (TOR) pathway is also a 

highly conserved pathway that responds to nutritional signals and regulates tissue 

growth (for review, see (Wullschleger, Loewith & Hall, 2006)). The TOR pathway 

is centered by the Tor gene, which encodes a serine/threonine kinase TOR. The 

TOR protein can form into two types of multiprotein complexes, TOR complex 1 

(TORC1) and TOR complex 2 (TORC2). TORC1 promotes cell and tissue growth 

by directly regulating two downstream effectors, ribosomal protein S6 kinase (S6K) 
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and eukaryotic translation initiation factor 4E-binding protein (4E-BP, or Thor in 

Drosophila). Under favorable condition, phosphorylated S6K becomes activated 

and facilitates protein translation (Montagne et al., 1999). Phosphorylation of 4E-

BP causes the dissociation between 4E-BP and translation initiation factor 4E 

(eIF4E), thus allowing eIF4E to function in translation process (Sonenberg & 

Hinnebusch, 2009). In addition, TORC1 also regulates cell growth by inhibiting 

autophagy. Autophagy function as a catalytic process which encloses cytosolic 

contents such as proteins, lipids, nucleic acids, et al. and delivers them to 

lysosomes for degradation (Chang & Neufeld, 2010). TORC1 suppresses 

autophagy by phosphorylating and thereby inhibiting the function of Atg1 and 

Atg13, two key components of the initiation complex of autophagy (Jung, Ro, Cao, 

Otto & Kim, 2010). Under nutrient deficient condition, TORC1 activity is 

suppressed and thus autophagy is activated, which mediates degradation of 

cellular contents to provide cells with essential nutrients. In contrast to TORC1, 

TORC2 does not have as intimate relevance as TORC1 to cell growth regulation. 

TORC2 is well known as a regulator of actin dynamics and cytoskeleton 

organization (Cybulski & Hall, 2009). However, TORC2 also phosphorylates Akt1 

and thus enhances the activity of TORC1 (Hietakangas & Cohen, 2007), which 

establishes a link between TORC2 and cell growth regulation (Figure 6). 

It has been known that TORC1 responds to multiple lines of upstream signals. 

Tuberous sclerosis complex (TSC), which consists of TSC1 and TSC2 (Gigas in 

Drosophila), functions as a central negative regulator of TORC1 (Gao & Pan, 2001; 

Potter, Huang & Xu, 2001). Nutrient and energy sensitive signals such as PI3K/Akt 

(Inoki, Li, Zhu, Wu & Guan, 2002; Manning, Tee, Logsdon, Blenis & Cantley, 2002; 

Potter, Pedraza & Xu, 2002), mitogen-activated protein kinases (MAPK) (Ma, 

Chen, Erdjument-Bromage, Tempst & Pandolfi, 2005; Tee, Anjum & Blenis, 2003) 

and AMP-activated protein kinase (AMPK) pathways (Inoki, Zhu & Guan, 2003) 

converge on TSC, inactivating TSC by phosphorylating TSC2. TSC functions as 

a GTPase activating protein (GAP) of Ras homolog enriched in brain (Rheb). Thus 

inactivation of TSC allows formation of GTP-bound active form of Rheb, which 
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subsequently activates TORC1 (Tee, Manning, Roux, Cantley & Blenis, 2003). 

Besides TSC and the upstream signaling pathways above, TORC1 is also directly 

affected by amino acid level in the cell. In mammalian cells, the cellular leucine 

and arginine levels are specifically detected by sensors such as sestrins (Lee, 

Cho & Karin, 2016), cytosolic arginine sensor for mTORC1 (CASTOR) 

(Chantranupong et al., 2016; Saxton, Chantranupong, Knockenhauer, Schwartz 

& Sabatini, 2016) and SLC38A9 amino acid transporter (Rebsamen et al., 2015; 

Wang et al., 2015). The sensors signal to mTORC1 depending on a machinery 

comprised of Rag GTPases, Ragulator complex and v-ATPase on the surface of 

lysosomes (Figure 6) (for review, see (Gonzalez & Hall, 2017; Saxton & Sabatini, 

2017)). In Drosophila, homologs of most components in this amino acid sensing 

pathway, such as sestrin, Rag GTPases, and v-ATPase components are identified 

(Gleixner et al., 2014; E. Kim, Goraksha-Hicks, Li, Neufeld & Guan, 2008; Lee et 

al., 2010; Sancak et al., 2010) (Figure 6). In addition, a Drosophila amino acid 

transporter Slimfast is found as an amino acid sensor that regulates TOR activity, 

resembling the function of SLC38A9 in mammals (Colombani et al., 2003). 

As a key factor that controls cellular growth, the TOR pathway links nutrient 

condition to the timing of Drosophila development. The activity of TOR pathway 

in PG cells responds to the systemic nutritional condition and regulates Halloween 

gene expression accordingly. Suppression of TOR pathway in the PG causes 

attenuated PG cell growth, compromised ecdysone synthesis and consequently 

severe developmental delay (Layalle, Arquier & Leopold, 2008). In addition to the 

regulation of developmental timing, TOR pathway also works as a determining 

factor of the nutritional checkpoints during development, which is discussed in 

section 1.3.1 of the Introduction session. Despite of the important role in 

developmental timing control, activation of TOR pathway in the PG does not 

cause faster development (Layalle et al., 2008) or rescue the developmental delay 

in ptth mutant (unpublished data from O’Connor lab), indicating that TOR pathway 

works as a STOP signal under unfavorable conditions but not a GO signal that 

directly stimulates ecdysone synthesis. 
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Figure 6. Target of Rapamycin pathway in mammals and Drosophila. 
The diagram shows the upstream signaling that controls activity of TOR pathway 

in mammals and Drosophila. Most of the signaling components in mammals have 

recognized homologs in Drosophila (unmarked or marked by underscored gene 

symbols). “NH” in red shows the signaling components that do not have known 

Drosophila homolog. Figure adapted and simplified from (Saxton & Sabatini, 

2017). 
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1.2.4 Transforming Growth Factor β (TGF-β) pathway 
 TGF-β signaling pathway is well known as a key regulator of development 

playing versatile roles in morphogenesis, tissue patterning, cell proliferation, cell 

differentiation, etc. in multiple developmental stages (for review, see (Upadhyay, 

Moss-Taylor, Kim, Ghosh & O'Connor, 2017)). In Drosophila, the TGF-β 

superfamily ligands can be divided into two branches, the Activin branch and the 

Bone Morphogenetic Protein (BMP) branch. Despite of the distinct functions, both 

branches of ligands signal through heterodimeric receptors comprised of type I 

and type II subunits, and the downstream signaling pathways also exhibit high 

level of similarity. In the Activin branch, three ligands Activin-β (Actβ), Dawdle 

(Daw) and Myoglianin (Myo) signal through type I receptor Baboon (Babo) and 

one of two type II receptors, either Punt or Wishful thinking (Wit). In the BMP 

branch, ligands including Decapentaplegic (Dpp), Glass-bottom boat (Gbb) and 

Screw (Scw) are recognized by type I receptor Thickveins (Tkv) or Saxophone 

(Sax) together with type II receptor Punt or Wit. Following activation by ligand 

binding, the receptors phosphorylate a Smad substrate (dSmad2 in the Activin 

branch or Mad in the BMP branch) which subsequently forms a complex with a 

co-Smad protein Medea and translocates into nucleus playing its role as a 

transcription factor (Figure 7) (Upadhyay et al., 2017). 
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Figure 7. TGF-β signaling pathway in Drosophila. 
The diagram shows the core signaling components of the TGF-β signaling 

pathway in Drosophila. Figure cited from (Upadhyay et al., 2017). 
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 Both branches of the TGF-β signaling has been linked to the developmental 

timing control in Drosophila. Actβ signaling is proved critical for the 

ecdysteroidogenesis in PG cells. Suppression of the Actβ pathway causes strong 

developmental delay or developmental arrest by downregulating expression of 

both Torso and InR, suggesting that Actβ pathway works as a competence signal 

that enables the PG to respond to PTTH and insulin signals (Gibbens, Warren, 

Gilbert & O'Connor, 2011). In contrast to the Activin pathway, the BMP signaling 

is shown recently to suppress the function of PG cells. In early L3 stage the BMP 

family ligand Dpp is released from wing discs, which binds with receptors on PG 

cells. As time progressed into late L3 stage, the circulating Dpp level decreases 

and the suppressive effect from Dpp signaling disappears. Constitutive activation 

of the Dpp signaling causes dysfunction of PG cells and developmental arrest. 

Suppression of Dpp signaling in the PG does not cause faster development but 

disrupts the larval response to starvation during early stage development 

(Setiawan, Pan, Woods, O'Connor & Hariharan, 2018). It is intriguing that the two 

branches of TGF-β signaling play opposite roles in developmental timing control, 

especially considering the shared components such as the type II receptors and 

the co-Smad Medea and the crosstalk between the two pathways (Peterson & 

O'Connor, 2013). More details on how the pathways modulate developmental 

timing scheme and whether they have crosstalk in this process awaits future 

studies. 

 

1.3  Environmental factors affecting developmental timing of 
Drosophila melanogaster 
 Although the developmental program is by large coded by the genetic 

constitution of a species, environment factors also pose considerable influences 

on the developmental progress. In Drosophila, a series of mechanisms have been 

evolved to adapt to various environmental changes during development, which 

are discussed below in this session. 
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1.3.1 Nutrient signals and nutritional checkpoints involved in 
developmental transition commitment 
 Unlike embryonic development which consumes nutrient and energy from 

either maternal deposits in eggs or direct support from parent, the post-embryonic 

development of animals largely depends on external food resources. In 

Drosophila, post-embryonic developmental stage is isolated into a high-rate 

foraging larval stage, which starts from larva hatching toward pupa formation 

(Figure 1). Beyond pupa formation, no nutrient intake and no net body mass gain 

occur during metamorphosis, although a very complicated developmental 

transition is achieved in this stage. Determined by this developmental strategy, 

the adult body size of Drosophila is mostly determined at the end of larval stage. 

Since the larva keeps foraging most all the time, its growth rate is largely 

dependent on the nutrient abundance in food. However, it is intensively difficult, if 

not impossible, for Drosophila larva to migrate to a remote food source during 

development when the current environment is not nutritionally favorable. To 

overcome the potential occurrence of poor nutrient supply, the animal evolves a 

mechanism to regulate its timing of development, which provides the animal an 

opportunity to accumulate sufficient body mass under low growth rate to support 

a successful development during metamorphosis. 

 To study the larval response to variation of nutrient condition, people designed 

an assay to starve the animals at different body weight and observe their response 

to starvation. The larval response to starvation in this assay lead to the definition 

of two nutritional checkpoint, minimal viable weight (MVW) and critical weight 

(CW). MVW is defined as the minimal body weight that enables a larva to commit 

to pupariate during starvation, while surpassing the CW checkpoint further makes 

a larva pupariate without delay under starvation (C. K. Mirth & Riddiford, 2007). 

Starvation before the checkpoints are reached causes developmental arrest of 

the animal. Under this condition, refeeding the larva results in a normal sized 

animal which experiences a longer period of larva stage. By contrast, starvation 

of a larva that has reached the CW checkpoint does not lead to any developmental 
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delay. In this case, the animal develops into a smaller-sized but healthy adult 

(Beadle, Tatum & Clancy, 1938) (Figure 8). The MVW and CW checkpoint were 

originally defined in other insect model systems such as tobacco hornworm 

Manduca sexta, in which MVW is reached earlier than CW (Nijhout, 1975; Nijhout 

& Williams, 1974a, 1974b). However, in Drosophila the two checkpoints coincide 

to be reached at the same weight (thus referred to as nutrient restriction 

checkpoints in Chapter 2), although they can be separated under some certain 

circumstances (Shimell et al., 2018; Stieper, Kupershtok, Driscoll & Shingleton, 

2008). The checkpoints enable larvae to evaluate the nutrient and energy 

accumulation in their body when nutrient shortage takes place, thus providing the 

animals a better chance to successfully metamorphose into a healthy adult under 

this challenging situation. 
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Figure 8. Developmental timing response of Drosophila larva to nutrient 
restriction. 
The diagram shows how Drosophila larva responds to starvation treatment before 

and after reaching the nutritional checkpoints (MVW and CW). 
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Although the nutritional checkpoints have been studied for decades, the 

underlying mechanism that determines the checkpoints is not fully understood. 

Like in the timing regulation in fed condition, PG is also considered the central 

determining organ of the nutritional checkpoints. Studies have found that signaling 

pathways that respond to nutritional signals also play roles in the shaping of the 

checkpoints. Activation of either IIS pathway (C. Mirth et al., 2005) or TOR 

pathway (results in Chapter 2) in the PG causes larvae to neglection the nutritional 

checkpoints under starvation regardless of their body weight. As a transcription 

factor regulated by the IIS pathway, FoxO suppresses ecdysone synthesis by 

silencing Halloween gene expression in a complex with Usp during starvation. 

The silencing effect from FoxO/Usp complex retracts gradually as larva returns to 

foraging stage from the short non-foraging L2/L3 molting activity, which leads to 

the emergence of a small ecdysone titer in early L3 stage that coincides with the 

attainment of the checkpoints (Koyama, Rodrigues, Athanasiadis, Shingleton & 

Mirth, 2014). Feeding ecdysone at early developmental stage causes precocious 

pupariation of undersized larvae during starvation, suggesting that the early L3 

ecdysone pulse helps determine the nutritional checkpoints (Koyama et al., 2014). 

Another factor that may participate in the shaping of the checkpoints is the 

endoreplication in PG cells which lifts the copy number of the chromosomes and 

thus grants cells a higher capacity of gene expression and hormone production. 

The endocycle keeps progress in the PG cells as larva grows during L3 stage, 

which achieves two rounds of replication making the chromatin value shifting from 

16C to 64C. Unfavorable nutrient condition halts the endocycle progression, 

mediated by TORC1 inhibition. The attainment of a certain chromatin value is 

found required for efficient ecdysone synthesis, which marks the achievement of 

the nutritional checkpoints (Ohhara, Kobayashi & Yamanaka, 2017). In the 

Chapter 2 of this thesis, I find that autophagy, another process controlled by TOR 

pathway, participates in the shaping of the nutritional checkpoints. Autophagy is 

induced by starvation specifically in early-L3, but not late-L3 stage, which 

correlates with the larval pupariation response to starvation. Unlike FoxO 
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signaling or endoreplication of the PG cells, autophagy regulates ecdysone 

synthesis by disrupting cholesterol trafficking pathway, exemplifying a way to 

regulate pupariation activity without influencing expression of the hormone 

producing enzymes (Pan, Neufeld & O’Connor, 2019). 

1.3.2 Temperature and photoperiod signals 
It’s known for long that temperature regulates the rate of growth and 

differentiation, and thus the timing of development and the final body size of 

ectothermic animals. Under most circumstances, lower temperature results in 

larger final body size, although the two key parameters, growth rate and duration 

of growth, are not always influenced in the same way (Angilletta & Dunham, 2003; 

Angilletta, Steury & Sears, 2004; van der Have & de Jong, 1996; Walters & 

Hassall, 2006; Zuo, Moses, West, Hou & Brown, 2012). The development of 

Drosophila, like other ectodermic species, is also largely influenced by the living 

temperature. In both wild and laboratory conditions, lower temperature causes 

lower growth rate, longer duration of development and cumulatively larger body 

size (French, Feast & Partridge, 1998; Partridge, Barrie, Fowler & French, 1994; 

Santos, Fowler & Partridge, 1994). Although temperature can affect growth rate 

directly by altering the rate of general chemical reactions, it is also found that the 

ambient temperature can be sensed by specific neurons in Drosophila which 

signal to the IPCs and thereby regulate body growth (Q. Li & Gong, 2015). On the 

other hand, temperature change also alters developmental timing by shifting the 

critical weight nutritional checkpoint. Under low temperature, the critical size 

required for non-delayed pupariation increases while the growth rate turns lower, 

which jointly cause a significant delay of the developmental transition (De Moed, 

Kruitwagen, De Jong & Scharloo, 1999; Ghosh, Testa & Shingleton, 2013). 

Another important aspect of animal adaptation to the environment is their 

responses to light. For Drosophila larva, light itself does not directly impact animal 

development like the nutrient condition. However, it indicates other environmental 

information such as temperature, humidity and even chance of exposure to 

predators. To maximize the chance of successful metamorphic transition, 
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Drosophila evolves to adjust its developmental timing in response to light. In larval 

brain, the pigment dispersing factor (PDF) producing neurons, which play key 

roles in the coordination between the behavioral rhythm of animal and 

photoperiod (Taghert & Shafer, 2006), send direct projection to the PG neurons, 

which leads to rhythmic expression of PTTH in the PG neurons (McBrayer et al., 

2007). Interestingly, PTTH plays dual roles at the time of larva-to-pupa transition, 

as a neuroendocrine factor that activates PG function and a circulating factor that 

induces light avoidance behavior. At the time PTTH stimulates PG function and 

the pupariation activity, it also signals to the Bolwig’s organ and the peripheral 

class IV dendritic arborization neurons to induce light avoidance, which prompts 

the larva to initiate immobilized metamorphic stage at a dark environment 

(Yamanaka, Romero, et al., 2013). This mechanism also explains the observation 

that the timing of larval wandering behavior is well paralleled with the scotophase 

of photoperiod (Roberts, Henrich & Gilbert, 1987) and demonstrates the 

mechanism underlying the coordination between the endocrine and 

environmental control of developmental timing. 

1.3.3 Tissue growth signals 
Besides adverse environmental changes, tissue damages also cause change, 

frequently a delay, of developmental timing which spares animals time for 

regenerative repair of the injured tissues. Since the polyploidy larval tissues such 

as gut and fat body are digested during metamorphosis, studies on tissue damage 

and its influence on developmental timing are largely focused on the imaginal 

tissues. Using imaginal disc as a model organ, people find that damage of the 

discs, by either genetic manipulation or irradiation treatment, results in significant 

delay of development (Hackney, Zolali-Meybodi & Cherbas, 2012; Poodry & 

Woods, 1990; Simpson, Berreur & Berreur-Bonnenfant, 1980; Stieper et al., 2008). 

The tissue damage signal can further affects critical weight checkpoint, 

establishing a coordination between the tissue growth and nutritional signals on 

developmental timing control (Stieper et al., 2008). Interestingly, tissue damage 

causes developmental delay prior to but not after a certain time point in mid-late 
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L3 stage, suggesting that the developmental response to tissue damage is also 

developmental stage dependent (Hackney et al., 2012). 

When studying the mechanism underlying the tissue growth signaling, 

multiple pathways have been found to play roles, such as retinoid synthesis 

pathway which regulates PTTH expression in the PG neurons (Halme, Cheng & 

Hariharan, 2010) and Dilp8 signaling which is sensed by specific neurons that 

innervates the PG neurons (see section 1.2.1) (Colombani et al., 2015; Colombani 

et al., 2012; Garelli et al., 2012; Garelli et al., 2015). In addition, BMP signaling 

also works as an indicator of incomplete tissue growth, which suppresses early 

stage ecdysteroidogenesis in PG cells and thus prevents precocious 

developmental transition (see section 1.2.4) (Setiawan et al., 2018). Among the 

signals, both Dilp8 and BMP signals emit from the imaginal discs, which explains 

the fact that full loss of imaginal discs does not cause developmental delay 

(Simpson et al., 1980). On the other hand, overgrowth of imaginal tissues also 

causes developmental delay while damage of the overgrown tissue rescues this 

defects (Sehnal & Bryant, 1993), indicating that the tissue growth signaling is not 

only a simple damage-response signal but a comprehensive sensing machinery 

that assess tissue growth and coordinate it with the overall developmental 

program. 

 

In my thesis work, I uncover two more players in the developmental timing 

regulation and its response to environment in Drosophila larva. In Chapter 2, I 

show that autophagy functions as a temporal-specific mechanism that determines 

the MVW/CW nutritional checkpoints in response to starvation. I Chapter 3, I 

demonstrate that two additional RTK signalings, Jelly Belly (Jeb)/Anaplastic 

lymphoma kinase (Alk) and PDGF- and VEGF-related factor (Pvf)/ PDGF- and 

VEGF-receptor related (Pvr), affect developmental timing through the PG neuron-

to-PG signaling axis. 
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CHAPTER 2 
 

A tissue and temporal-specific autophagic switch 
controls pre-metamorphic nutritional checkpoints in 

Drosophila melanogaster. 
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2.1  Introduction 
During the juvenile stage, Drosophila larvae monitor internal and external 

cues to properly time the onset of metamorphosis. For example, among external 

cues, avoidance of light at the time of pupation allows pupae to elude predation 

and diminish dehydration during this immobile phase of development (Yamanaka, 

Romero, et al., 2013). Likewise, the monitoring of internal organ health and the 

ability to slow larval development in response to tissue insult is advantageous 

since it provides an opportunity to repair tissue damage before committing to 

irreversible differentiation during metamorphosis (Boone, Colombani, Andersen & 

Leopold, 2016; Colombani et al., 2015; Colombani et al., 2012; Garelli et al., 2012; 

Garelli et al., 2015). Together these monitoring systems help ensure a high 

probability of healthy adult eclosion. 

Nutrition is another key factor that requires continuous assessment during the 

larval stages to ensure that sufficient nutrient stores are acquired before the 

cessation of feeding at the onset of metamorphosis. In Lepidoptera, two distinct 

pre-metamorphosis nutritional checkpoints have been identified: critical weight 

and minimal viable weight. Critical weight is defined as the weight at which nutrient 

restriction (NR) no longer delays the onset of pupariation, while minimal viable 

weight is the minimal larval mass that is required for metamorphosis to occur (C. 

K. Mirth & Riddiford, 2007). In Drosophila, these two checkpoints occur at the 

same weight (C. K. Mirth & Riddiford, 2007), but can be separated at a certain 

circumstance (Shimell et al., 2018; Stieper et al., 2008). In this work, we refer to 

the two checkpoints collectively as the nutrient restriction checkpoints (NRCs), 

only distinguishing them from each other as required for additional clarity. By 

inhibiting pupariation of underweight larvae the nutritional checkpoints help 

prevent a precocious transition that would otherwise lead to pupal lethality due to 

storage of insufficient energy reserves. After surpassing the checkpoints, 

Drosophila third instar (L3) larva actually slightly accelerate development when 

starved and pupariate earlier than larva that do not experience NR (C. K. Mirth & 

Riddiford, 2007) (Figure 8), perhaps providing an adaptive advantage when food 
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sources become limiting. 

Induction of macroautophagy (hereafter referred to as autophagy) is a 

common response in many tissues to NR which leads to degradation of various 

cellular organelles and macromolecules into their constituent components, 

thereby helping satisfy nutrient and energy demands during NR (Russell, Yuan & 

Guan, 2014). This aspect of autophagy likely plays important roles during 

development. For example, in some insects, autophagy aids in mobilization of 

nutrient stores to fuel the metamorphic remodeling process during the non-

feeding pupal stage (McPhee & Baehrecke, 2009). Given that determination of 

the NRCs involves starvation, the mechanistic output triggered by the checkpoints 

could involve weight- or temporally-regulated autophagy in the prothoracic gland 

(PG), the major steroid hormone-producing organ in larvae. In this model, we 

hypothesize that induction of autophagy prior to, but not after, the NRCs could 

limit hormone production and thereby slow development, allowing larvae more 

time to search for the additional nutrients needed to pass through the NRCs. 

Here we confirm this model and show that autophagy is induced by NR in 

Drosophila PG cells. The induction of autophagy in PG cells occurs specifically in 

the early, but not the late L3 stage, and suppresses ecdysone synthesis to prevent 

precocious pupariation during the pre-NRC stage. Furthermore, induction of 

autophagy disrupts ecdysone production by limiting the availability of the steroid 

hormone precursor cholesterol through interactions with endo/lysosome system. 

We also find that there are several non-conventional morphological features of 

the autophagy process in PG cells. These observations suggest that there may 

be a specialized autophagic machinery in steroidogenic cells that is specifically 

devoted to regulating cholesterol trafficking in response to nutritional stress. Given 

that several studies have suggested a role for autophagy in altering hormone 

synthesis in mammalian endocrine organs, our findings may be applicable in other 

animals as a means of controlling hormone production in response to nutritional 

stress. 
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2.2  Results 
2.2.1 Autophagy in the PG is temporally regulated during the L3 stage. 

To test our hypothesis concerning temporally regulated autophagy induction, 

we monitored the formation of mCherry (mCh)-Atg8a labeled autophagosomes 

and autolysosomes in the PG in response to starvation at various time points pre- 

and post-NRC. In the fed condition, a small number of Atg8a-positive vesicles 

were observed at all time points during the L3 stage, suggesting that there is an 

ongoing basal level of autophagy in the PG throughout the L3 stage (Figure 9A).  

Upon starvation both the number and total area of Atg8a-positive vesicles in the 

PG increased significantly in early L3 (6 hrs after L3 ecdysis, AL3E) larvae (Figure 

9A-9C). However, this effect of starvation on Atg8a-positive vesicle number and 

area was significantly reduced at 12 hrs AL3E and was further diminished as 

larvae grew into the mid-L3 stage (24 hrs AL3E) (Figure 9A-9C). 
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Figure 9. Autophagy in the PG is temporally regulated during the L3 stage. 
(A) Autophagy was visualized by mCh-Atg8a marker in PG cells. For fed groups, 

larvae were dissected and imaged at the indicated time points. For NR groups, 

larvae were starved for 4 hrs starting at the indicated time points before dissection. 

4x magnified images of the indicated area are also shown. Scale bar, 10 μm. (B 

and C) Quantification of the number (B) and the total area (C) of Atg8a-positive 

puncta per unit cell area (100 μm2) in the PGs of fed and starved larvae. Mean ± 

SEM; p values by unpaired t-test (n=8; ns, not significant, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, ##p<0.01, ####p<0.0001). 
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To test whether the increased number and area of Atg8a-positive vesicles 

result from autophagy induction or instead by blockage of downstream autophagic 

flux, we expressed GFP tagged Ref(2)P to test autophagy mediated degradation 

(DeVorkin & Gorski, 2014). Ref(2)P-positive protein aggregates were observed in 

fed larvae, which partially colocalized with Atg8a-positive autophagosomes 

(Figure 10A). Upon starvation, the number of Ref(2)P-positive structures did not 

change significantly, but the size of these structures became markedly smaller 

(Figure 10A-10C). These results show that protein degradation occurs normally 

during starvation treatment, suggesting that the changes in number and area of 

Atg8a-positive vesicles in PG cells represents an increased level of autophagy 

induction upon starvation rather than blocked degradation. 

The timing of the loss of autophagy induction to starvation correlates with the 

NRCs, i.e. starvation pre-NRCs strongly induces autophagy while starvation post-

NRCs has a much weaker effect (C. K. Mirth & Riddiford, 2007). This observation 

is consistent with our hypothesis that a temporally-regulated autophagy switch in 

PG cells contributes to suppressing the ability of larvae to pupariate before 

sufficient nutrient reserves are accumulated to ensure successful metamorphosis. 
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Figure 10. Autophagy induction clears Ref(2)P-positive protein aggregates 
in the PG. 
(A) Protein aggregates and autophagosomes visualized by GFP-Ref(2)P and 

mCh-Atg8a respectively in fed and starved pre-MVW/CW (4 hrs AL3E) larvae. 

Arrows indicate the colocalization between Ref(2)P- and Atg8a-positive structures. 

(B and C) Quantification of the number (B) and the total area (C) of Ref(2)P-

positive structures per unit cell area (100 μm2) in the PGs of fed and starved larvae. 

Mean ± SEM; p values by unpaired t-test (n=6 in fed group and n=8 in NR group; 

ns, not significant, ****p<0.0001). 
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2.2.2 Autophagy induction prior to the NR checkpoints requires canonical 
ATG pathway components. 

To determine whether autophagy induction in the PG requires known 

components of the autophagosome formation complex, we knocked down 

expression of various Atg genes in the PG using available RNAi reagents (Figure 

11A-11E). We found that autophagy induction was significantly reduced by 

knocking down components of the autophagy initiation complex (Atg1, Atg17 and 

Atg101), the membrane expansion complex (Pi3K59F) and the membrane 

recycling system (Atg2, Atg9 and Atg18) (Feng, He, Yao & Klionsky, 2014) (Figure 

11A, 11B, 11E and 11G). We also found that activation of the Target of Rapamycin 

(TOR) pathway in the PG through overexpression of Rheb (phm>Rheb) also 

effectively inhibited autophagy (Figure 11F and 11G). These findings indicate that 

the autophagy in the PG employs similar machinery and upstream control 

mechanisms as found during induction of canonical autophagy in other tissues 

(Diaz-Troya, Perez-Perez, Florencio & Crespo, 2008; Galluzzi, Pietrocola, Levine 

& Kroemer, 2014). 
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Figure 11. Autophagy in the PG is controlled by a subset of Atg genes and 
the upstream TOR pathway. 
(A-E) Autophagy induction visualized by mCh-Atg8a in pre-NRC (4hr AL3E) larval 

PG tissues after single Atg gene knockdown. The majority of known Drosophila 

Atg genes were tested in five groups: the initiation complex that responds to TOR 

signaling (Atg1, Atg13, Atg17 and Atg101) (A), the lipid kinase complex that 

mediates autophagosome formation (Atg6, Atg14, Vps15, Pi3K59F and Uvrag) 

(B), two ubiquitin-like conjugation systems for Atg5-Atg12-Atg16 complex (Atg5, 

Atg10, Atg12 and Atg16) and Atg8-PE formation (Atg3, Atg4a, Atg4b and Atg7) 

(C and D) and the Atg9 centered system whose function is not fully understood 

(Atg2, Atg9 and Atg18) (E). (F) Autophagy induction visualized by mCh-Atg8a in 

pre-NRC (4 hrs AL3E) phm>yw and phm>RhebAV4 larval PG tissues. (G) 

Quantification of number of Atg8a-positive vesicle per unit cell area (100 μm2) in 

the Atg gene knockdown and Rheb overexpression PGs. Mean ± SEM. (n=3-5). 
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2.2.3 Autophagy inhibition in PG cells suppresses the NR checkpoints. 
To determine whether autophagy induction is responsible for delayed 

pupariation upon starvation of pre-NRC larvae, we first tested pupariation activity 

of larvae when autophagy was suppressed in the PG. In fed animals, suppression 

of autophagy by expressing phm>Atg1RNAi, phm>Atg9RNAi or phm>Rheb did not 

significantly affect developmental timing nor larval growth rate. (Figure 12A and 

12B). Early L3 starvation (2-8 hrs AL3E, pre-NRC stage) caused delayed 

pupariation and decreased the pupariation rate in control larvae (Figure 13A-13D, 

14A and 14B), which is consistent with previous reports (Beadle et al., 1938; C. 

Mirth et al., 2005). However, phm>Atg1RNAi and phm>Atg9RNAi larvae showed 

higher rates of pupariation (although delayed) when starved during the early L3 

stage (Figure 13E, 13F and 14A), indicating a shift of the minimal viable weight 

checkpoint in these larvae. Similarly, the majority of phm>Rheb larvae pupariated 

without delay regardless of the starting point of starvation (Figure 13G and 14A), 

showing that both the minimal viable weight and the critical weight checkpoints 

are altered. In contrast to pupariation, the eclosion rate under starvation was not 

affected by autophagy suppression (Figure 14C and 14D). Taken together, these 

data demonstrate that autophagy induction blocks pupariation activity of larvae 

during early stage NR. Upon autophagy suppression many more larvae formed 

pupa, but these pupae did not produce viable adults (Figure 14C). By preventing 

pupation before sufficient nutrient reserves have accumulated to produce viable 

adults, this mechanism likely improves the chance of survival during NR stress by 

enabling larva to search for new food sources instead of initiating an ill-fated 

attempt at metamorphosis. 
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Figure 12. Autophagy suppression does not significantly affect 
developmental timing and growth rate under fed condition. 
(A and B) Pupariation timing curve (A) and growth rate (B) of control (phm-Gal4 

and no driver (ND) control) and autophagy suppression larvae. 
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Figure 13. Autophagy suppression in the PG during early stage NR 
stimulates inappropriate pupariation. 
(A-G) Relationship between start time of starvation treatment and the time from 

the L2/L3 molting to pupariation for phm>yw (A), ND>Atg1RNAi (B), ND>Atg9RNAi 

(C) and ND>RhebAV4 (D), phm>Atg1RNAi (E), phm>Atg9RNAi (F) and 

phm>RhebAV4 (G) larvae (n > 30 for each time point). 
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Figure 14. Autophagy suppression in the PG during early stage NR 
stimulates inappropriate pupariation (continued). 
(A and B) Percentage of larvae that manage to pupariate after starvation treatment 

starting from different time points AL3E. (C and D) Percentage of larvae that end 

up eclosing from pupa after starvation treatment starting from different time points 

AL3E. 
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2.3.4 Forced autophagy induction in the PG causes developmental 
delay/arrest in fed larvae. 

To further corroborate our finding that autophagy controls pupariation, we next 

examined whether ectopically activating autophagy is sufficient to block larval 

pupariation in the absence of NR stress. Constant autophagy induction in the PG 

(phm>Atg1 or phm>TSC1/2) caused L1/L2 developmental arrest (data not shown). 

Therefore, we employed phmGeneSwitch (phmGS)-Gal4, a driver induced by RU486 

(Figure 15A and 15B), to activate autophagy specifically after L2/L3 molting 

(Roman, Endo, Zong & Davis, 2001). Without RU486 addition, neither 

phmGS>Atg1 nor phmGS>TSC1/2 stimulated autophagy induction or changed 

developmental timing (Figure 16A and 17A). However, RU486 administration 

markedly stimulated autophagy (Figure 17A) and caused developmental 

delay/arrest in phmGS>Atg1 and phmGS>TSC1/2 larvae (Figure 17C and 17D). 

Since autophagy induction by Atg1 overexpression may cause cell apoptosis 

(Scott, Juhasz & Neufeld, 2007), we sought to rule out this possibility by staining 

for apoptotic PG cells using an antibody targeting cleaved caspase-3 (Fan & 

Bergmann, 2010). In RU486 treated phmGS>Atg1 and phmGS>TSC1/2 larvae, we 

did not observe any of cleaved caspase-3 positive cells, showing that autophagy 

induction in PG cells does not causes apoptosis (Figure 17B). Thereby, we 

conclude that RU486 feeding likely causes developmental defects by inducing 

inappropriate levels of autophagy in the PG. 

Intriguingly, the extent of the autophagy-induced developmental defects 

correlated with the length and the strength of autophagy induction. Stimulation of 

autophagy either at pre-NRC (4 hrs AL3E) or post-NRC (12 hrs AL3E) time points 

(Figure 16B) caused developmental delay and reduced pupariation rates. 

However, early induction (4 hrs AL3E) resulted in a longer delay and a higher rate 

of developmental arrest than late (12 hrs AL3E) induction. Similarly, feeding higher 

concentrations of RU486 also resulted in stronger developmental delays and 

lower pupariation rates (Figure 17C and 17D). These data demonstrate that 

strong induction of autophagy in the PG is capable of blocking pupariation 
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regardless of larva body weight and nutritional status and functions in a “dose” 

dependent manner. We propose that as wildtype larvae grow and surpass the NR 

checkpoints, NR is no longer able to induce autophagy to the threshold level 

required to block pupariation, thereby enabling larvae to initiate metamorphosis 

even when nutrient access is limited. 
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Figure 15. The chemical induced GeneSwitch system. 
(A) Schematic diagram showing the RU486-induced GeneSwitch system. (B) 

Expression of mCh-Atg8a in phmGS>mCh-Atg8a PGs before and after RU486 

treatment. The treatment started at 12 hrs AL3E and lasted for 12 hrs. Both groups 

were imaged first under the same parameter (regular gain) to compare the level 

of target gene (here mCh-Atg8a) expression before and after RU486 treatment. 

Then the -RU486 images, in which the fluorescence signal was almost 

indiscernible under regular gain, were retaken with enhanced gain to show the 

tissue outline. Scale bar, 50 μm. 
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Figure 16. Uninduced GeneSwitch transgenes do not cause changes on 
developmental timing and nutritional checkpoint determination. 
(A) Pupariation timing curves of phmGS>yw, phmGS>Atg1 and phmGS>TSC1/2 

larvae without RU486 feeding. (B) Pupariation of larvae after starvation treatment 

starting at early-L3 (4 hrs AL3E) or mid-L3 (12 hrs AL3E) stage. The result 

confirmed that the MVW/CW for all the tested groups were achieved between 4 

hrs and 12 hrs AL3E. The scattered dots indicate the time of pupariation of each 

individual larva. The underscored numbers indicate the rate of pupariation. For 

each group n > 30. 
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Figure 17. Forced autophagy induction in the PG causes developmental 
delay/arrest in fed larvae. 
(A) Autophagy induction in the PG before and after RU486 induction in phmGS>yw, 

phmGS>Atg1 and phmGS>TSC1/2 larvae at 12 hrs AL3E. In RU486 fed 

phmGS>Atg1 larvae the autophagic vesicles located at perinucleus region, which 

is consistent with previous study (Chang & Neufeld, 2009), while in 

phmGS>TSC1/2 larvae these vesicles showed similar distribution as NR-induced 
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autophagy. Scale bar, 10 μm. (B) Immunofluorescence images of PGs in RU486 

treated phmGS>yw, phmGS>Atg1 and phmGS>TSC1/2 larvae. Larvae were fed with 

RU486 for 24 hrs, starting at 12 hrs AL3E, before dissection. PG tissues were 

immunostained with antibody targeting cleaved caspase-3. Dash lines indicate 

the outline of PGs. Corpora allata (CA), whose cells were not affected by 

autophagy induction, were marked as internal control. Scale bar, 50 μm. (C and 

D) Pupariation timing curves of phmGS>yw, phmGS>Atg1 and phmGS>TSC1/2 

larvae fed with 0.5 μg/ml (C) or 1.5 μg/ml (D) RU486 at 4 hrs (pre-NRC) or 12 hrs 

AL3E (post-NRC) time points. Mean ± SEM, n=3. 
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2.3.5 Autophagy blocks ecdysone synthesis by limiting cholesterol 
availability in PG cells. 

After confirming that induction of autophagy disrupts larva pupariation, we 

wished to determine how autophagy disrupts developmental timing and 

pupariation control. Since pupariation activity is directly regulated by ecdysone 

(Yamanaka, Rewitz, et al., 2013), we first measured the level of the larval 

wandering stage ecdysone pulse that triggers pupariation. In autophagy 

suppressed larvae, the ecdysone peak at larval wandering stage was comparable 

to the control without starvation. However, pre-NRC (4 hrs AL3E) starvation 

prevented the rise of in the ecdysone titer at the end of L3 stage in control, but 

not phm>Rheb larvae (Figure 18A), which is consistent with the increased 

pupariation of phm>Rheb larvae (Figure 13G and 14A). phm>Atg1RNAi larvae 

showed a modest but insignificant increase in the ecdysone titer under pre-NRC 

starvation (Figure 18A), which may be attributed to the delayed and 

unsynchronized pupariation these larvae exhibit when starved (Figure 13E). In a 

complementary experiment where we induced autophagy post-NRC (12 hrs AL3E) 

in phmGS>Atg1 or phmGS>TSC1/2 larvae, we saw very limited ecdysone 

production at larval wandering stage compared to the control (Figure 18B). Thus, 

we conclude that autophagy blocks larva pupariation by disrupting ecdysone 

production in PG cells at the time of pupariation. 
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Figure 18. Autophagy blocks developmental transition by disrupting 
ecdysone synthesis. 
(A) Quantification of ecdysone/20-hydroxyecdysone titers in whole L3 larvae at 

different timing stages and nutritional conditions in phm>yw, phm>Atg1RNAi and 

phm>RhebAV4 larvae. (B) Quantification of ecdysone/20-hydroxyecdysone levels 

in whole L3 larvae at different stages with or without 1.5 μg/ml RU486 feeding in 

phmGS>yw, phmGS>Atg1 and phmGS>TSC1/2 larvae. (A and B) Mean ± SEM; p 

values by unpaired t-test (n=4; ns, not significant, ****p<0.0001). 
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Ecdysone is synthesized from cholesterol by a series of oxidation and 

reduction steps that involve a number of enzymes collectively encoded by the 

“Halloween” genes (Gilbert, 2004). Considering that autophagy commonly exerts 

degradative functions, we sought to determine if degradation of Halloween 

enzymes might be responsible for the low level of ecdysoneproduction when 

autophagy is induced. Examination of Phantom (Phm), Disembodied (Dib) and 

Spookier (Spok) protein levels in the PG using immunohistochemical (IHC) 

method indicates that autophagy induction does not substantially deplete any of 

these enzymes (Figure 19A-19C), suggesting that autophagy likely does not 

function through ecdysone biosynthetic protein degradation. 
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Figure 19. Autophagy does not deplete ecdysonesynthesizing enzymes in 
the PG. 
(A-C) Immunofluorescence images of PGs in phmGS>yw, phmGS>Atg1 and 

phmGS>TSC1/2 larvae. Larvae were treated with RU486 starting at 12 hrs AL3E 

and samples were dissected at 36 hrs AL3E. PG tissues were immunostained 

with anti-Phm (A), anti-Dib (B) and anti-Spok (C) antibodies. Dash lines indicate 

the outline of PGs. Corpora allata (CA), which do not express any Halloween gene, 

are also outlined and indicated in the images. Scale bar, 50 μm. 
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Since previous studies have demonstrated that autophagy can mediate 

cholesterol transportation in both mammals and flies (Danielsen et al., 2016; 

Ouimet et al., 2011), we next examined whether autophagy affects cholesterol 

homeostasis in the PG. As a steroid hormone producing organ, the PG maintains 

a pool of cholesterol storage in lipid droplets. We observed a number of lipid 

droplets in PG cells of pre-NRC fed larvae, consistent with previous findings 

(Danielsen et al., 2016; Talamillo et al., 2013), while the number of lipid droplets 

significantly decreased after NR treatment. In contrast, we observed an increased 

number of lipid droplets in phm>Atg1RNAi and phm>Rheb larvae compared with 

phm>yw control, while the number did not significantly change during NR (Figure 

20A and 20B). Additionally, autophagy induction in RU486 treated phmGS>Atg1 or 

phmGS>TSC1/2 larvae also caused a decrease in lipid droplet number in PG cells 

(Figure 20C and 20D). These data indicate that autophagy induces clearance of 

lipid droplets in PG cells.  

To test the interaction between autophagy and cholesterol trafficking, we first 

cultured PG tissue ex vivo with NBD-cholesterol. Many Atg8a-positive vesicles 

overlapped with the NBD signal, suggesting that these autophagic vesicles 

contain cholesterol (Figure 20E). mCh-Atg8a also showed colocalization with 

EYFP-NPC1a (Figure 20F), a key transmembrane protein mediating cholesterol 

trafficking (Huang et al., 2005), consistent with the notion that autophagy functions 

to transport cholesterol. We then sought to visualize the ultrastructure of 

autophagy in PG cells using transmission electron microscopy (TEM). In the PG 

of starved pre-NRC animals, we observed double-membrane bound vesicles 

containing homogenous content of light density (Figure 21A), typical of structures 

found in cells undergoing lipid-processing autophagy (lipophagy) (Singh et al., 

2009). In addition, we also observed lipophagy related structures which exhibited 

a cluster of small, single or double membrane bound vesicles that contain similar 

light-density content (Figure 21B) as well as double membrane bound autophagic 

vesicles containing non-lipid cargoes (Figure 21C). These structures were 

seldomly found in phm>Atg1RNAi or phm>Rheb PG cells, confirming their 
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autophagic nature (Figure 21D-21G). Together, the data from both fluorescence 

and electron microscopy confirm that autophagy participates in cholesterol 

trafficking in PG cells. 
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Figure 20. Autophagy constrains cholesterol availability in the PG by 
interacting with cholesterol trafficking pathway. 
(A) Lipid droplets visualized by Nile Red staining in phm>yw, phm>Atg1RNAi and 

phm>RhebAV4 PG cells before and after NR. Scale bar, 10 μm. (B) Quantification 

of number of lipid droplet per unit area (100 μm2) in phm>yw, phm>Atg1RNAi and 

phm>RhebAV4 PG cells. Mean ± SEM; p values by unpaired t-test (n=5; ns, not 

significant, *p<0.05, **p<0.01, ****p<0.0001). (C) Lipid droplets visualized by Nile 

Red staining in phmGS>yw, phmGS>Atg1 and phmGS>TSC1/2 larvae with or 

without RU486 feeding. Scale bar, 10 μm. (D) Quantification of number of lipid 

droplet per unit area (100 μm2) in phmGS>yw, phmGS>Atg1 and phmGS>TSC1/2 

larvae. Mean ± SEM; p values by unpaired t-test (n=5; ns, not significant, *p<0.05, 

**p<0.01). (E) phm>mCh-Atg8a PGs were incubated ex vivo in culture medium 

containing 22-NBD-cholesterol (green) and then imaged by fluorescence 

microscopy. Arrows indicate the overlap of two signals and the numbered images 

show zoomed-in views of the corresponding areas indicated by the arrows. Scale 

bar, 10 μm. (F) Fluorescence microscopy images of PG tissues expressing mCh-

Atg8a and EYFP-NPC1a. Arrows indicate colocalization of vesicles positive of 

both mCherry-Atg8a and NBD signals. Scale bar, 10 μm. 
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Figure 21. Autophagic and lipophagic structures in the PG visualized under 
TEM. 
(A) Images of lipophagy structures in PG cells. Pre-NRC (4 hrs AL3E) larvae were 

starved for 6 hrs before sample preparation. Upper left, a typical double-

membrane bound lipophagic vesicle; lower left, a lipophagic vesicle that occupies 

part of a lipid droplet; upper middle and right, an early stage, autophagic isolation 

membrane that is wrapping up a lipid droplet; lower middle and right, a lipid droplet 

processed by a late-stage autolysosome. Black arrows indicate double membrane 

structures. Scale bars, 0.5 μm. (B) Images of lipophagy related structures which 

contain a cluster of small membrane bound vesicles with light-density contents. 

Scale bars, 0.5 μm. (C) Images of autophagic structures that contain non-lipid 

cargoes. Upper left, an early stage isolation membrane; lower left, a typical double 

membrane bound autophagic vesicle; upper and lower right, late-stage structures 

with condensed cytoplasmic material. Scale bar, 0.5 μm. (D) Quantification of the 

number of autophagic structures in a single view under low magnification TEM 

(4700x). For each biological sample, 5 random images were taken and the 

autophagic structures were identified and counted manually. Mean ± SEM; p 

values by unpaired t-test (n=3; *p<0.05, **p<0.01). (E-G) Low magnification 

(4700x) images of PG cells of (E) starved phm>yw, (F) fed phm>Atg1RNAi and (G) 

fed phm>RhebAV4 larvae. Autophagic structures that contain lipid and non-lipid 

contents are annotated by white and black arrows respectively. 
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To examine whether reduction in cholesterol availability to the biosynthetic 

enzymes is responsible for the autophagy-induced developmental defects, we fed 

cholesterol to RU486 treated phmGS>Atg1 and phmGS>TSC1/2 larvae. 

Cholesterol feeding fully rescued the developmental delay/arrest in these larvae 

(Figure 22A-22C), demonstrating that cholesterol insufficiency, rather than 

induction of PG cell death or disruption of the hormone biosynthetic capacity, is 

the likely underlying cause of the autophagy-induced ecdysone deficiency and 

developmental defects. 
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Figure 22. Cholesterol feeding rescues the developmental defects caused 
by autophagy induction. 
(A-C) Pupariation timing curve of phmGS>yw (A), phmGS>Atg1 (B) and 

phmGS>TSC1/2 (C) larvae with treatment indicated. Animals were fed with ethanol 

(EtOH), 40 μg/ml cholesterol (Chol), 0.5 μg/ml RU486 (RU486) or both 

(RU486+Chol) starting at 12 hrs AL3E. 
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2.3.6 Autophagy affects cholesterol trafficking by interacting with late 
endosome/lysosomes. 

We then sought to determine how autophagy participates in the cholesterol 

trafficking pathway in PG cells. Previous studies have shown that autophagy 

delivers cholesterol esters to late endosomes and lysosomes for hydrolysis 

(Ouimet et al., 2011). Thus we examined whether similar autophagic flux occurs 

in the PG by testing the interaction between autophagosomes and late 

endosomes/lysosomes using specific vesicle markers. First, we examined the 

GFP-Vamp7 marker, which targets both late endosomes and lysosomes (Advani 

et al., 1999; Jean, Cox, Nassari & Kiger, 2015). We observed a high level of 

colocalization (revealed by Mander’s Colocalization Coefficient, MCC) between 

mCh-Atg8a and GFP-Vamp7 (Figure 23A and 23E), indicating an interaction 

between autophagy and the endolysosome system in PG cells. However, we saw 

a different colocalization profile when labeling late endosomes and lysosomes 

separately. Frequent colocalization was observed between mCh-Atg8a and 

EYFP-Rab7 (MRed =0.562±0.018 and MGreen = 0.484±0.028, under NR conditions) 

(Figure 23B and 23F), a late endosome marker, while the colocalization level was 

much lower with lysosome marker GFP-Lamp1 (MRed = 0.168±0.009 and MGreen 

= 0.175±0.018, under NR conditions) (Figure 23C and 23G). These data are 

inconsistent with what we and others observed in fat body tissues (Figure 24), in 

which mCh-Atg8a overlaps frequently with GFP-Lamp1 during NR (Mauvezin, 

Nagy, Juhasz & Neufeld, 2015). A caveat for using the GFP-Lamp1 marker is that 

its GFP tag faces the intra-vesicular space and thus may be quenched by the 

acidity of the vesicle. To overcome this limitation, we examined overlap between 

mCh-Atg8a and Spinster (Spin) tagged with cytoplasm-facing GFP (Dermaut et 

al., 2005). In canonical autophagy this marker largely overlaps with Lamp1 in 

lysosomes (Rong et al., 2011; Sweeney & Davis, 2002). Similar to GFP-Lamp1, 

we still observed a comparatively low level of mCh-Atg8a colocalization with GFP-

Spin under NR condition (MRed = 0.264±0.011 and MGreen = 0.176±0.018) (Figure 

23D and 23H). These results suggest that the autophagosome-endolysosome 
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interaction in PG cells does not occur in a way fully consistent with that of routine 

autophagic flux observed in other tissues such as fat body. The autophagosomes 

either interact more frequently with late endosomes than lysosomes, or persist in 

autophago-endosome stage for a longer time before transforming into auto-

lysosome stage. Nevertheless, it is important to recognize that the endocytic 

pathway markers such as Rab7 and Lamp1 do not exclusively localize on the 

compartments they are proposed to label (Humphries, Szymanski & Payne, 2011). 

In tests with lysosome markers the MGreen value (percentage of green-positive 

pixels that are red-positive) increased upon starvation (Figure 23G and 23H), 

showing that a fraction of autophagosomes did fuse with lysosomes during NR. 

Under TEM we also observed autolysosome structures (Figure 21C), supporting 

the existence of autophago-lysosome communication. Taken together, we 

conclude that the autophagy in PG cells communicates with endolysosome 

system, but with an altered dynamics. 
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Figure 23. Autophagy interacts with late endosomes and lysosomes in PG 
cells. 
(A-D) Fluorescence microscopy images of PGs expressing mCh-Atg8a and GFP-

Vamp7 (A), EYFP-Rab7 (B), GFP-Lamp1 (C) or GFP-Spin (D). Arrows indicate 

colocalization of Atg8a and EYFP/GFP-positive puncta. Scale bar, 10 μm. (E-H) 
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Colocalization analysis of corresponding images in panel A-D. Mean ± SEM; p 

values by unpaired t-test (n=5-7; ns, not significant, **p<0.01, ***p<0.001). 
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Figure 24. Autophagy interacts with lysosomes in fat body tissue. 
Fluorescence microscopy images of fat body tissue expressing mCh-Atg8a and 

GFP-Lamp1. Scale bar, 50 μm. 
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We then examined whether the autophagy-endolysosome interaction is 

required for regulation of cholesterol trafficking by autophagy. In this test we 

introduced a tandem fluorescent-tagged GFP-mCh-Atg8a (tfAtg8a) marker to 

monitor vesicle acidification (Mauvezin, Ayala, Braden, Kim & Neufeld, 2014). 

When autophagosomes fuse with late endosome/lysosomes, the GFP in the 

marker is rapidly quenched by the acidity of the mature autolysosomes (Klionsky 

et al., 2016). In PG cells, the GFP of the majority of tfAtg8a marker in the 

autophagic vesicles was quenched (Figure 25A), indicating that most autophagic 

vesicles, even under fed conditions, are acidic. Depletion of v-ATPase subunits 

Vha26 and Vha55 effectively rescued the GFP signal of the tfAtg8a marker 

(Figure 26A and 26B), further verifying this finding (Mauvezin et al., 2015) 

Three SNARE family proteins, Syx17, Snap29 and Vamp7, are known to 

mediate vesicle fusion between the autophagosome and endolysosome systems 

(Itakura, Kishi-Itakura & Mizushima, 2012; Takats et al., 2013). Knockdown of 

Syx17 and Snap29, two autophagosome-associated components, caused an 

accumulation of small, cloudy looking Atg8a-positive structures during starvation 

(Figure 25B and 25C), consistent with findings in Drosophila fat body cells (Takats 

et al., 2013). Knockdown of Vamp7, the endolysosome relevant SNARE, resulted 

in accumulation of Atg8a vesicles of larger size in PG cells (Figure 25D-25F), 

similar to the effects of the vesicle fusion inhibitor Bafilomycin A1 in fat body cells 

(Mauvezin et al., 2015). These data indicate that depletion of the SNAREs 

disrupts autophagic flux in PG cells. All three groups of SNARE knockdown larvae 

pupariated precociously during pre-NRC starvation (Figure 25G), phenocopying 

the autophagy suppression larvae (Figure 13E-13G). These results show that the 

autophagosome-endolysosome interaction plays an essential role in the function 

of autophagy on pupariation control likely through alterations in cholesterol 

trafficking 

Intriguingly, disruption of autophagic flux by depleting Syx17, Snap29 or 

Vamp7 did not rescue the GFP signal of tfAtg8a (Figure 25B-25D), in contrast to 

the requirement of these SNAREs for autophagosome acidification in other cell 
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types (Furuta, Fujita, Noda, Yoshimori & Amano, 2010; Takats et al., 2013). This 

data indicates that the acidification of autophagosomes in PG cells may not 

depend on fusion with endolysosomes, further suggesting that the mechanism of 

PG autophagic flux is not fully consistent with that in other well-studied cell/tissue 

types. 
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Figure 25. Autophagy affects cholesterol trafficking by interacting with 
endo/lysosomes. 
(A-D) Autophagy visualized by tandem tagged Atg8a in control (A), Syx17 RNAi 

(B), Snap29 RNAi (C) and Vamp7 RNAi (D) PGs. Scale bar, 10 μm. (E and F) 
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Quantification of number (E) and total area (F) of Atg8a positive puncta per unit 

cell area (100 μm2) in control and Vamp7 RNAi PGs. (G) Pupariation activity of 

larvae after starvation treatment from early L3 (4 hrs AL3E) stage. The scattered 

dots indicate the time of pupariation of each individual larva. The underscored 

numbers indicate the percentage rate of pupariation. For each group n > 50 larvae. 
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Figure 26. The autophagosomes in PG cells are acidified by v-ATPase. 
(A and B) Autophagy visualized by tandem tagged Atg8a in phm>Vha26RNAi (A) 

and phm>Vha55RNAi (B) PGs. Scale bar, 10 μm. 
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2.3.7 PG autophagy is highly dynamic and exhibits additional non-
conventional morphological features. 

We were curious about the dynamics of PG autophagy activation upon NR. 

We first analyzed the size distribution of Atg8a-positive vesicles in addition to 

vesicle number. In early L3 (6 hrs AL3E) PG cells, the frequency of large-sized (> 

1.0 μm2) vesicles significantly decreased during NR, while that of the small-sized 

(< 1.0 μm2) vesicles increased. In contrast, the effect of NR on vesicle size was 

reduced as larvae progressed to the mid-L3 stage (24 hrs AL3E) (Figure 27A and 

27B). The simultaneous increase in vesicle number coupled with reduced vesicle 

size may be the result of a highly dynamic process, which has not been reported 

in NR-induced autophagy in other tissues such as that in the fat body (Scott, 

Schuldiner & Neufeld, 2004). To examine this possibility, we assessed the 

dynamics of Atg8a-positive structures in PG cells maintained in ex vivo culture 

using time-lapse live imaging. In fed early L3 larvae, the Atg8a-positive vesicles 

maintained their size and shape and exhibited limited mobility (Movie 1). Strikingly, 

after starvation in early, but not late L3 stage larvae, Atg8a vesicles showed highly 

dynamic movements (Movie 1) as well as many Atg8a-positive tubule-like 

structures that grew and retracted (Figure 28A-28C and Movie 2-4). We also 

observed that large vesicles shrank and fragmented into small ones (Figure 29A 

and Movie 5) and that ring-like structures budded out of existing large-size 

vesicles (Figure 29B, 29C and Movie 6). These observations can explain the 

changes on vesicle size distribution during NR and suggest that the autophagy 

process in the early PG is highly dynamic. 

In addition to the active dynamics, we also noted that most of the tubular and 

ring-like structures were very sensitive to fixative since they were rarely seen in 

fixed tissues (Figure 30). Therefore, the apparent formation of small-size Atg8a-

positive vesicles in fixed tissue likely represents fragmentation of the tubular 

network upon fixation. Another unusual property of all Atg8a-positive structures in 

the PG is their extreme sensitivity to detergents even after fixation. Addition of low 

concentrations of Triton X-100, Tween 20, or saponin, detergents commonly used 
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in most IHC staining procedures, destroyed most, if not all, of the Atg8a-positive 

structures (Figure 30). The detergent-sensitive property of these structures is in 

stark contrast to the behavior of NR-induced Atg8a-positive vesicles in the fat 

body which remain intact in the presence of detergents and are amenable to IHC 

procedures. Although not fully understood, the dynamics and the non-

conventional morphological features of the autophagy in the PG is consistent with 

our finding that it performs a function (cholesterol depletion) that is distinct from 

canonical NR-induced autophagy. 
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Figure 27. The size of autophagic vesicles decreases during autophagy 
induction. 
(A and B) Frequency distribution of Atg8a-positive puncta size in 6 hrs (A) and 

24 hrs AL3E (B) PGs. Mean ± SEM; p values by unpaired t-test (n=8; ns, not 

significant, #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001). 
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Figure 28. Tubular structures are formed during autophagy induction in PG 
cells. 
(A) Time-lapse images showing an Atg8a-positive tubular network. A tubule 

formation event within the network is indicated by the solid lines. (B and C) 

Time-lapse images showing movement of Atg8a-positive tubular structures. A 

tubule protruding out from, and then retracting back to, a vesicle is outlined by 

the dash line (B). Another tubular structure moves toward and then fuses with a 

vesicle, indicated by the solid lines (C). (A-C) Scale bar, 2 μm. 
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Figure 29. Vesicle fragmentation and ring-like structure formation during 
autophagy induction in PG cells. 
(A) Time-lapse images showing fragmentation of a large Atg8a-positive vesicle. 

The morphological change is indicated by the arrows. (B) Time-lapse images 

showing formation of a ring-like structure (marked by arrows) beside an existing 

vesicle. (C) Additional examples of ring-like structures budded from existing 

vesicles. (A-C) Scale bar, 2 μm. 



86 

 
 

Figure 30. The autophagic structures in PG cells are sensitive to fixation 
and detergent treatment. 
The autophagic structures in the PG were visualized by confocal microscope 

under live imaging and after treatment by fixative and detergent. FA 30 mins, 

tissues were treated by fixative (3.7% formaldehyde) for 30 mins. FA 30 mins + 

Triton X-100 2 hrs, tissues were treated by detergent (0.1% Triton X-100) following 

FA fixation. White arrows show the tubule- and ring-like structures under live 

imaging. GFP-Lamp1 shows that lysosome structures are not sensitive to 

detergent treatment. Scale bar, 10 μm. 
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2.3  Discussion 
2.3.1 Temporally-regulated autophagy in the PG controls the NRCs. 
 The Drosophila NRCs are characterized by an abrupt switch in the response 

of larvae to starvation during the third instar stage of development, suggesting 

that the determinants of the checkpoints should be regulated (1) by nutritional 

conditions and (2) in a developmental stage dependent fashion. In this study, we 

identify autophagy as a NR induced, developmental time dependent mechanism 

that is the functional output of the checkpoints, i.e. it is the mechanism responsible 

for preventing larvae from undergoing pupariation before they have enough stored 

nutrients to give rise to viable adults. 

In the PG, most characterized NR-responsive pathways, such as 

insulin/insulin-like signaling and TOR, are essential for development and are 

repressed under NR (Layalle et al., 2008; C. Mirth et al., 2005; Ohhara et al., 

2017). In contrast, autophagy is induced by NR stress and suppression of 

autophagy did not disrupt development of well-fed larvae (Figure 12A), although 

a basal level of ATG8 positive vesicles are always present in PG cells (see below). 

We propose that autophagy has evolved as a specific stress responsive “STOP” 

pathway, which works together with essential “ON” pathways, to exert precise 

developmental timing control under nutritional stress. 

Similar to other factors that influence the NRCs (Koyama et al., 2014; Ohhara 

et al., 2017), autophagy induction is temporally regulated. However, like most 

biological processes the regulation of autophagy inducibility is progressive (Figure 

9B) and the number of Atg8 positive puncta does not exhibit an “all or none” switch 

that precisely correlates with the NRCs. However, when one considers the area 

of Atg8a puncta per unit area of gland cell (Figure 9C) which reflects the capacity 

of the autophagy in each cell, then there is a very strong correlation with the time 

of the NRCs. We found that autophagy suppresses pupariation in an “dose” 

dependent manner, in which stronger autophagy induction causes more severe 

developmental defects (Figure 17C and 17D). This is also consistent with the 

findings that strong TOR pathway suppression during the post-NRC stage delays 
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development (Figure 17C and 17D), while suppression using a weaker P0206-

Gal4 driver does not (Layalle et al., 2008). We reason that the NRCs correlates 

with a certain threshold of autophagy induction, which can no longer be reached 

when the checkpoint is surpassed. On the other hand, autophagy is inducible 

through genetic manipulations during the post-NRC stage (Figure 17A), indicating 

that the normal silencing of autophagy in this stage is likely due to changes in 

upstream signaling. A compensatory pathway may function to antagonize the 

suppression of insulin/insulin-like and TOR pathway by NR, which resembles 

what happens during the organ sparing process reported in some imaginal tissues 

in post-NRC larvae (Cheng et al., 2011). It is also possible that some pathway 

that can regulate TOR activity, such as Hippo pathway (Texada et al., 2019), may 

function differently before and after the NRCs. In any case, the mechanism that 

controls the developmental stage dependent autophagy suppression requires 

further study. 

2.3.2 Autophagy disrupts hormone synthesis by targeting cholesterol 
trafficking in PG cells. 

In previous studies, most known pathways exert control of ecdysone 

synthesis by targeting hormone biosynthetic enzymes (Koyama et al., 2014; 

Layalle et al., 2008; C. Mirth et al., 2005; Shimell et al., 2018). However, we found 

that autophagy induction disrupts ecdysone synthesis likely by depleting 

cholesterol storage in the PG, which represents a new dimension of regulation of 

the ecdysone producing pathway. This mechanism is efficient from a design 

principle standpoint since it allows a more rapid means to ramp up hormone 

production when conditions turn favorable than does destruction of biosynthetic 

capacity which would require time for re-synthesis of ecdysone production 

components. Furthermore, insects are strict cholesterol auxotrophs and obtain 

sterols solely from their diet (Clayton, 1964), which potentially makes them 

particularly sensitive to this type of regulation. Nevertheless, some studies 

indicate that autophagy in mammalian endocrine organs can also affect hormone 

synthesis (Gawriluk, Ko, Hong, Christenson & Rucker, 2014; Yoshii et al., 2016), 
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indicating that this mechanism may be universally employed as a means of 

controlling hormone production in response to nutritional stress. 

The regulation of cholesterol storage by autophagy in the PG is also 

corroborated at the cellular level by our observations that autophagy interacts 

dynamically with cholesterol containing structures and the endolysosome system. 

We observed cholesterol-containing autophagosomes under fluorescence 

microscopy (Figure 20E) and lipophagy related structures under TEM (Figure 

21A), strongly suggesting that autophagy interacts with a cholesterol trafficking 

pathway. In addition, our findings on the interacting pattern between autophagy 

and the endolysosome system also provide support for this conclusion. The late 

endosome rather than the lysosome has been shown to be the key compartment 

that mediates cholesterol trafficking (Kobayashi et al., 1999). Cholesterol can 

egress from late endosomes to further destinations before reaching the lysosome 

(Mobius et al., 2003; Wojtanik & Liscum, 2003). NPC1 is a key cholesterol 

trafficking mediator and is primarily a late endosomal protein that only transiently 

associates with lysosomes (Higgins, Davies, Chen & Ioannou, 1999). We find that 

the Drosophila homolog, NPC1a, strongly localizes to autophagic vesicles in the 

PG (Figure 20F). We also find a stronger correlation of the autophagic marker 

mCh-Atg8a with late endosomes than with lysosomes (Figure 23A-23H), 

suggesting a more important role of the interaction between autophagosome and 

late endosome. Together these observations suggest that in the PG, the lysosome 

is not essential for removing or sequestering cholesterol from progressing into the 

ecdysone biosynthetic pathway. 

How autophagy depletes cholesterol storage in the PG remains an unresolved 

question. Unlike proteins or triglycerides, cholesterol is typically not catabolized 

into small molecules. It is known that excessive cholesterol can be cleared from 

a cell via a specific recycling process involving cholesterol efflux (Ikonen, 2008). 

Autophagy facilitated cholesterol efflux has been reported in macrophages in 

mammalian system (Ouimet et al., 2011). It is possible that autophagy works in a 

similar way to facilitate cholesterol efflux in the PG. Interestingly Rab8 is required 
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for secretory autophagy (Dupont et al., 2011), and it has also been implicated in 

a cholesterol efflux pathway (Kanerva et al., 2013; Linder et al., 2009; Linder et 

al., 2007) and we find that knockdown of Rab8 in the PG leads to impairment of 

the NRCs similar to blocking the autophagosome endolysosome interaction 

(Figure 25G). 

2.3.3 Non-conventional morphological features of the autophagy in PG 
cells. 
 Although the autophagy process in the PG requires most of the canonical 

autophagy machinery and is regulated by TOR signaling similar to what is found 

for the fat body (Figure 11A-11G), it exhibits some morphological features that are 

not commonly observed. We found dynamic Atg8a vesicle movements in PG cells 

from pre-NRC, starved animals, during which vesicle compartmentation, tubule 

formation and ring-like structure formation were observed (Figure 28 and 29). 

Autophagy-relevant tubular structures have been reported in previous studies 

(Johnson, Shu, Hauswirth, Tong & Davis, 2015; Yu et al., 2010). However, the 

tubular structure we observe are likely different. The tubule structures formed 

during lysosomal reformation (Yu et al., 2010) were visualized by the lysosome 

marker (Lamp1), which does not show clear colocalization with Atg8a in PG cells 

(Figure 23C and 23G). The tubular network found in muscle cells was detected 

by both Atg8a and Spinster marker (Johnson et al., 2015), but the two markers 

overlap well in muscles, unlike what we found in PG cells. Moreover, the formation 

of the muscle tubular network is not stimulated by starvation (Johnson et al., 2015), 

also suggesting that its function is distinct from that of the autophagy in PG cells. 

Intriguingly, during cholesterol trafficking it has been shown that NPC1-

positive vesicles can form tubular and ring-like structures (Ko, Gordon, Jin & Scott, 

2001). In PG cells, NPC1a localizes on some autophagic vesicles (Figure 20F), 

thus the Atg8a-positive tubular and ring-like structures may be NPC1a-positive 

and represent the structures mediating cholesterol trafficking. In addition, the 

clustered lipophagy-like vesicles we observed under TEM (Figure 21B) may 

represent the autophagosomes undergoing fragmentation, which links the vesicle 
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fragmentation process with the cholesterol trafficking pathway. We hypothesize 

that the dynamic movement of Atg8a-positive structures facilitates cholesterol 

removal from the ecdysone biosynthetic enzymes either by an efflux mechanism 

or sequestering it to a novel membrane compartment. In either case, the removal 

of the cholesterol attenuates synthesis of hormone and thereby prevents 

nonproductive pupariation of larvae that do not have sufficient nutrient stores to 

survive the metamorphic remodeling of the body plan. 

Lastly, it has recently been reported that autophagy is also required to 

produce ecdysone (Texada et al., 2019) which initially seems at odds with our 

findings. However, as we describe here there are always Atg8a positive vesicles 

present in the PG even under well fed conditions and these tend to be large. 

Starvation pre-NRC leads to induction of the highly dynamic tubular network and 

a reduction in the average Atg8a vesicle size. Post-NRC the tubule network 

formation is much and dynamics are reduced and the Atg8a-positive vesicles 

remain larger. We propose that there are two types of autophagic processes 

occurring in the PG; a constitutive level in well fed larva that is not so dynamic 

and is responsible for aiding flux of cholesterol into the biosynthetic pathway and 

a second highly inducible process that only occurs pre-NRC which is responsible 

for shunting cholesterol away from the biosynthetic pathway. Future studies 

aimed at elucidating the mechanism responsible for switching off the inducibility 

and the highly dynamic nature of the autophagic process post-NRC may aid in 

understanding how cholesterol flux can be directed into and away from the 

hormone biosynthetic pathway. 
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2.4  Materials and Methods 
2.4.1 Flies 

Unless noted, all flies were reared on standard agar-cornmeal food 

supplemented with yeast at 25 °C. Flies were cultured in 12:12 light-dark cycles: 

however, all experiments were carried out under constant light to avoid the 

potential impact of circadian cycle on developmental timing. Phm-Gal4 (Ono et 

al., 2006) was used to drive gene expression specifically in PG cell. Phm-

GeneSwitch-Gal4 (Kaieda et al., 2017) was used to drive temporally specific gene 

expression under control of RU486 administration. UAS-mCh-Atg8a (Chang & 

Neufeld, 2009) and UAS-GFP-mCh-Atg8a (Nezis et al., 2010) were used to mark 

autophagosomes. UAS-GFP-Ref(2)P (Chang & Neufeld, 2009) were used to 

mark protein aggregates and to estimate level of protein degradation. UAS-GFP-

Lamp1 (Pulipparacharuvil et al., 2005), UAS-GFP-Spinster (Johnson et al., 2015), 

UAS-GFP-Vamp7 (Jean et al., 2015) and endogenous-YRab7 (Dunst et al., 2015) 

(Bloomington Stock Center (BDSC), 62545) were used to mark late 

endosome/lysosome. UAS-Atg16B (BDSC, 51655) and UAS-TSC1/2 (Tapon et al., 

2001) were used to induce autophagy. A collection of RNAi strains from 

Transgenic RNAi Project (TRiP) (Ni et al., 2011) were used to test their efficiency 

to suppress autophagy: UAS-Atg1-RNAi (BDSC, 26731), UAS-Atg2-RNAi  

(BDSC, 27706), UAS-Atg3-RNAi TRiP (BDSC, 34359), UAS-Atg4a-RNAi TRiP 

(BDSC, 35740), UAS-Atg4b-RNAi TRiP (BDSC, 56046), UAS-Atg5-RNAi TRiP 

(BDSC, 34899), UAS-Atg6-RNAi (BDSC, 28060), UAS-Atg7-RNAi (BDSC, 

27707), UAS-Atg9-RNAi (BDSC, 28055), UAS-Atg10-RNAi (BDSC, 40859), UAS-

Atg12-RNAi (BDSC, 27552), UAS-Atg13-RNAi (BDSC, 40861), UAS-Atg14-RNAi 

(BDSC, 55398), UAS-Atg16-RNAi (BDSC, 34358), UAS-Atg17-RNAi (BDSC, 

36918), UAS-Atg18-RNAi (BDSC, 28061), UAS-Atg101-RNAi (BDSC, 34360), 

UAS-Pi3K59F-RNAi (BDSC, 64011), UAS-Vps15-RNAi (BDSC, 34092), and 

UAS-Uvrag-RNAi (BDSC, 34368). UAS-RhebAV4 (BDSC, 9690) was also used to 

suppress autophagy. UAS-Syx17-RNAi TRiP (BDSC, 25896), UAS-Snap29-RNAi 

TRiP (BDSC, 25862) and UAS-Vamp7-RNAi TRiP (BDSC, 38300) were used to 
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block interaction between autophagosome and late endosome/lysosome. UAS-

Vha26-RNAi (VDRC, 102378) and UAS-Vha55-RNAi (VDRC, 46553) were used 

to disrupt function of v-ATPase. 

2.4.2 Developmental staging and starvation assay 
Before egg collection, flies were transferred to constant light environment for 

at least 2 days and all subsequent treatments were carried out under constant 

light. Eggs were collected on apple juice plates with yeast paste and early L1 

larvae were transferred to standard lab fly food with yeast paste after 24 hrs. 

Newly-molted L3 larvae were picked out every 2 hrs and transferred to fly food 

without yeast paste. For the starvation assay, L3 larvae were cultured for 

appropriate time and then transferred to 1% agar. Larvae were then monitored 

every 2 hrs until they pupariated or died. 

2.4.3 Fluorescence microscopy 
Larvae were dissected in PBS and fixed using 3.7% formalderhyde for 15 

mins at room temperature. Tissues were then washed in PBS and mounted in 90% 

glycerol for imaging. All confocal images were captured using Zeiss LSM710 

confocal microscope. To be noted, detergent was strictly avoided in all imaging 

process involving visualization of autophagy in the PG.  

2.4.4 Time-lapse imaging 
Larvae were dissected in M3 culture medium (Sigma) and the brain-ring gland 

complexes were transferred to a glass-bottom culture dish (MatTek). In the dish, 

ring glands were carefully dissected from the attached brains, after which a 

coverslip was positioned on top of the tissues to prevent sample movement. The 

samples were imaged with a Zeiss LSM 710 confocal microscope using the time-

lapse configuration. 

2.4.5 Immunohistochemistry 
Larvae were dissected in PBS and fixed using 3.7% formalderhyde for 15 

mins at room temperature. Tissues were washed in PBS containing 0.1% Triton 

X-100 (PBT) for 3 times and then permeablized and blocked simultaneously using 

PBT containing 5% normal goat serum (NGS) for 1 hour. Tissues were then 
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incubated with primary antibody (anti-Phm, 1:1000, anti-Dib, 1:1000, anti-Spok, 

1:500, anti-cleaved caspase-3 (Cell Signaling Technology), 1:200) in PBT 

containing 10% NGS overnight at 4 degrees, followed by 5 washes and then post-

secondary incubation for 2 hours at room temperature. DAPI staining occurred for 

5 minutes at the pen-ultimate washing step after secondary antibody incubation. 

Finally, tissues were transferred to 70% glycerol/PBS mounting medium and then 

mounted on glass slide for imaging. Images were captured using a Zeiss LSM 

710 confocal microscope. 

2.4.6 Ecdysteroid titer measurement 
The ecdysteroid titers of larvae were measured using the 20-

hydroxyecdysone Enzyme Immunoassay (EIA) kit, (Cayman Chemicals) which 

detects both ecdysone and 20-hydroxyecdysone. Briefly, frozen larvae were 

homogenized in methanol and ecdysteroids were extracted as described 

previously (Warren et al., 2006). The extracts les were evaporated in a Speed Vac 

and the residue resuspended in EIA buffer (Cayman Chemical) and analyzed 

following the manufacturer’s protocol. A standard curve was determined using a 

dilution series containing a known amount of purified 20-hydroxyecdysone 

solution provided by the kit. Absorbance at 415 nm was detected using a benchtop 

microplate reader (Bio-Rad). 

2.4.7 Ex vivo incubation assay 
The assay was adapted from previous studies (Enya et al., 2014; J. Kim & 

Neufeld, 2015). Briefly, wandering larvae were dissected in M3 culture medium 

and the brain-ring gland complexes were isolated. The tissues were then 

incubated in M3 medium containing 10% fetal bovine serum and 0.5% dilution of 

10 μM NBD-cholesterol for 6 hours at room temperature. The samples were 

subsequently fixed in 3.7% formaldehyde for 15 mins and then imaged using a 

Zeiss LSM 710 confocal microscope. 

2.4.8 Nile Red staining for lipid droplets 
Larvae were dissected in PBS and fixed using 3.7% formalderhyde for 15 

mins at room temperature. After washed in PBS, tissues were incubated in 1 μg/ml 
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Nile Red solution in PBS for 30 mins. Then samples were washed in PBS again 

and mounted in 90% glycerol for imaging. Images were captured using Zeiss LSM 

710 confocal microscope. 

2.4.9 Electron microscopy 
Larvae were dissected in cacodylate buffer and fixed in 2% paraformaldehyde 

plus 2.5% glutaraldehyde in cacodylate buffer. Then samples were post-fixed in 

1% osmium tetroxide, dehydrated progressively in acetone, and embedded in 

Epon 812 epoxy resin (Electron Microscopy Sciences). Resin blocks were then 

sectioned using Leica UC7 microtome. Finally, the section grids were post-stained 

by uranyl acetate and lead citrate and then imaged using FEI Tecnai G2 F30 

transmission electron microscope. 

2.4.10 Quantification of vesicles 
The number and area of vesicles were quantified using imageJ software. 

Briefly, the vesicles were selected using the “threshold” function. Then the number 

and total area of the vesicles were calculated automatically using the “analyze 

particles” function in the software. 

2.4.11 Quantification of colocalization 
Colocalization analysis was carried out in ImageJ software using the JACoP 

plugin (Bolte & Cordelieres, 2006). Briefly, the particles in each channel were 

selected manually in the plugin in a similar way to the “threshold” function. Then 

Mander’s Colocalization Coefficient was automatically calculated by the plugin. 

2.4.12 Statistics 
GraphPad Prism software was used to carry out statistical analyses. Student’s 

t-test was used to determine statistical significance. 
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CHAPTER 3 
 

Jeb/Alk and Pvf/Pvr pathways control developmental 
timing in Drosophila melanogaster. 
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3.1  Introduction 
 Body size is an important trait which largely determines the fitness of an 

animal. In holometabolous insects such as Drosophila melanogaster, the body 

size of an animal is mostly determined by its weight gain during the foraging larval 

stage. Under this evolutionary design, the timing of developmental transition from 

larva to pupa stage becomes a critical determinant of the final adult body size. 

 In Drosophila, the timing of metamorphic transition is largely determined by a 

neuroendocrine axis centered by the prothoracic gland (PG) and a group of tropic 

hormone producing neurons called PG neurons. As an endocrine organ, PG 

produces a steroid hormone ecdysone which functions as the direct trigger of 

metamorphosis during development. The ecdysteroidogenesis function of the PG 

is regulated by a series of signaling, among which the PG neuron-derived 

prothoracicotropic hormone (PTTH) signal plays a central role (review, see 

(Yamanaka, Rewitz, et al., 2013)). At late L3 stage, PTTH is highly expressed in 

the PG neurons. Simultaneously, the PG neurons are activated by upstream 

neuronal signals, which causes delivery of PTTH to the PG cell surface through 

direct axon innervation (McBrayer et al., 2007). PTTH binds with and activates 

the Torso receptor on the PG cells, which subsequently stimulates ecdysone 

synthesis activity via the Ras-Raf-Erk pathway (Rewitz et al., 2009). 

As a critical controller of metamorphosis, PTTH was originally proposed as a 

brain-derived hormone in 1920s (Kopeć, 1922). In the following decades, the 

identity of PTTH was characterized and the biology of it was intensively studied 

in Lepidopteran insects such as Bombyx mori and Manduca sexta (review, see 

(Ishizaki & Suzuki, 1980)). Following these, Drosophila was introduced into the 

field which provides a powerful genetic tool and plays an increasingly important 

role. In 2007, the PTTH homolog in Drosophila was identified and the PTTH 

producing neurons (PG neurons) were successfully labelled using the Gal4-UAS 

system (McBrayer et al., 2007). Ablation of the PG neurons (ptth>Grim) caused a 

severe developmental delay (~ 5 days) of the animal, which confirms the vital 

function of PTTH in the metamorphic transition. The loss-of-PTTH phenotype was 
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further tested using ptth mutant flies in a following study. However, the ptth 

mutation caused a developmental delay of merely ~1 day, a much milder defect 

than the neuron ablation model (Shimell et al., 2018). 

The discrepancy between the neuron ablation and the genetic model can be 

explained by the existence of additional, uncharacterized signal(s) transferred 

from PG neurons to the PG. This hypothesis was proved by a neuron activation 

assay, in which the PG neurons were activated in both wildtype and ptth mutant 

larvae. In animals of both genotypes, PG neuron activation resulted in 

acceleration of development, clearly showing that PTTH is not the only stimulatory 

signal derived from the PG neurons (Shimell et al., 2018). Despite, the identity of 

the additional signal(s) from PG neurons is still elusive. 

In this study, we uncovered two receptor tyrosine kinases (RTKs), Anaplastic 

Lymphoma Kinase (Alk) and PDGF- and VEGF-receptor related (Pvr), function in 

the PG cells to regulate developmental timing. Suppression of either receptor 

causes developmental delay, which is exacerbated when suppression happens in 

ptth mutant background. Activation of either receptor causes acceleration of 

development and rescues the developmental delay in ptth mutants. We also find 

the ligand of both receptors, Jelly Belly (Jeb) and PDGF- and VEGF- related factor 

(Pvf), are expressed in the PG neurons, indicating that the upstream signals of 

the two pathways derive from these neurons. In all, our data uncover two novel 

signaling pathways in the PG that regulate developmental timing in Drosophila 

larva and provide a more comprehensive understand on the long-known but not-

fully-characterized neuroendocrine axis that signals to the PG. 
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3.2  Results 
3.2.1 Targeted screening for RTKs that affect developmental timing. 
 To identify the potential candidate signal(s) from PG neurons, we firstly carried 

out a targeted screening of RTKs in the PG cells. We performed this screening 

based on several preliminary evidences. Firstly, PTTH signals the PG through a 

RTK Torso (Rewitz et al., 2009); secondly, knocking down of components of Ras-

Raf-Erk pathway results in more severe developmental defect than ptth mutants 

(Rewitz et al., 2009; Shimell et al., 2018); and thirdly, Drosophila genome has 

merely twenty identified RTKs and thus the screening is easy to perform using a 

strong and maturely developed phm-Gal4 driver (Danielsen et al., 2016). Instead 

of using RNAi fly lines constructed by Vienna Drosophila Resource Center (VDRC) 

which was tested in a genome-wide screening previously (Danielsen et al., 2016), 

we further screened the Drosophila RTKs using RNAi lines available from the 

Transgenic RNAi Project (TRiP) (Ni et al., 2011). By comparing data from the 

genome-wide screening and our more precise targeted screening, we sought to 

identify additional RTKs that affect developmental timing in the PG cells. 

 In the two screenings five RTKs were found to affect developmental timing in 

at least one of the tests (Table 1). Among the five, InR and Torso have been well 

known as regulators of PG function and developmental timing (C. Mirth et al., 

2005; Rewitz et al., 2009), while EGFR was found to function in the PG in an 

autocrine-mediated pathway (unpublished data from personal communication). 

Therefore, we focused on the other two receptors, Alk and Pvr, in our following 

studies. 

3.2.2 Alk and Pvr receptors are expressed in the PG. 
 We firstly sought to confirm the expression of Alk and Pvr in the PG cells. 

Using specific antibodies against the receptors, we stained the PG tissues from 

larvae of early- and mid-L3 stage. In mid-L3 stage (24 hrs after L2/L3 ecdysis), 

both receptors were successfully detected by antibody, showing clear signals on 

the PG cell membranes (Figure 31A and 31B). No membranous signal was 

detected in receptor knockdown samples, further verifying our findings (Figure 
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31A and 31B). Interestingly, we did not see any signal of either receptor in early 

L3 larvae (0-4 hrs after L2/L3 ecdysis), suggesting that the receptors are 

expressed in PG cells specifically after a certain time point in L3 stage (Figure 

31A and 31B). In all, these data confirm the expression of Alk and Pvr receptors 

in the PG. 
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Symbol Targeted Screening 
(Days @ 50% Pupariation) p Value Genome-wide 

Screening 

Control 4.794 ± 0.059   

Alk 5.253 ± 0.055 0.0013 NOP 

btl 4.727 ± 0.061 0.3281 NOP 

Cad96Ca 4.704 ± 0.048 0.1703 NOP 

CG10702 4.714 ± 0.060 0.2483 NOP 

Ddr 4.817 ± 0.101 0.7998 NOP 

dnt 4.741 ± 0.046 0.3779 NOP 

drl 4.673 ± 0.046 0.0874 NOP 

Drl-2 4.722 ± 0.033 0.2243 NOP 

Egfr L3 arrest  NOP 

Eph 4.806 ± 0.032 0.8075 NOP 

htl 4.488 ± 0.035 0.0061 NOP 

InR > 5-day delay / L3 arrest  Major delay 

Nrk 4.528 ± 0.075 0.0186 NOP 

otk 4.703 ± 0.080 0.2701 NOP 

Pvr 4.897 ± 0.068 0.1796 Major delay 

Ret 4.687 ± 0.055 0.1332 NOP 

Ror 4.741 ± 0.050 0.387 NOP 

sev 4.926 ± 0.048 0.0707 NOP 

Tie 4.484 ± 0.080 0.0139 NOP 

tor 6.302 ± 0.126 0.0008 Delayed L3 
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Table 1. Targeted screening of Drosophila RTKs for factors regulating 
developmental timing. 
The targeted screening was carried out using phm-Gal4 driver and RNAi lines 

from TRiP project. Phm>w1118 animals were used as control. The result for each 

group is shown as the time spent from egg laying to 50% pupariation. 

Comparisons were made between control and each knockdown group and p 

values were calculated using student t-test. P<0.05 was considered statistically 

significant. The results from a genome-wide screening using the same Gal4 driver 

but different batch of RNAi lines (Danielsen et al., 2016) are also included in the 

table. NOP, no obvious phenotype. The RTKs whose knockdown caused 

significant developmental delay in at least one screening are marked in bold. 
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Figure 31. Alk and Pvr receptors are expressed in PG cells. 
(A and B) Immunofluorescence images of PGs of early- and mid-L3 larvae. Larvae 

were fed until either early-L3 (0-4 hrs after L2/L3 ecdysis) or mid-L3 (24hrs after 

L2/L3 ecdysis) stage before dissection. PG tissues were immunostained with 

antibody against Alk (A) or Pvr (B). Mid-L3 stage phm > AlkRNAi and phm > PvrRNAi 

larvae were also tested as negative control. Scale bar, 50 μm. 
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3.2.3 The Jeb and Pvf ligands that activate Alk and Pvr pathways in the 
PG are, at least partially, derived from the PG neurons. 
 We then tested whether the ligands that activate the Alk and Pvr receptors on 

the PG derive from the PG neurons. To achieve this, we employed a Jeb-Gal4 line 

made by the Trojan recombination strategy (JebTrojan-Gal4) (Diao et al., 2015) and 

a Gal4 line generated by the FlyLight project from Jenelia Farm (Jenett et al., 

2012; Pfeiffer et al., 2008) in which the Gal4 sequence is fused with part of the 

non-coding region of Pvf3. Since Pvf2 and Pvf3 localize adjacently on the 

chromosome and Pvf2 locates downstream to Pvf3, we propose that the Jenelia 

Farm Gal4 line exhibits expression pattern of either Pvf2 or Pvf3 and thus refer to 

it as Pvf2,3-Gal4. Using both Gal4 lines, we expressed GFP in the larvae and tried 

to observe the potential overlap between the GFP expressing neurons and the 

PG neurons labelled by PTTH antibody. In the JebTrojan>GFP larvae GFP signals 

appeared in a large group of cells in both brain lobes and ventral ganglia (Figure 

32A), while Pvf2,3>GFP marks numerous ventral ganglia cells but only two pairs 

of neurons in the brain lobes (Figure 32B). When immunostaining the GFP 

expressing brain tissues with PTTH antibody, we saw clear colocalization between 

the GFP and the PTTH signals, showing that both Jeb and Pvf ligands are 

expressed in the PG neurons (Figure 32C and 32D). Although we cannot tell so 

far whether these PG neuron derived Jeb and Pvf ligands are the only ligand 

source that activates their corresponding receptors in the PG, we conclude that 

the Alk and Pvr pathways in the PG are at least partially activated by the signals 

from the PG neurons. 
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Figure 32. Jeb and Pvf ligands are expressed in the PG neurons. 
(A and B) Immunofluorescence images of brains of JebTrojan>GFP (A) and 

Pvf2,3>mCD8-GFP (B) larvae stained with antibody against PTTH. Arrows 

indicate the PG neurons in the brain lobes. Scale bar, 200 μm. (C and D) High 

magnification images of the brain lobe of JebTrojan>GFP (C) and Pvf2,3>mCD8-

GFP (D) larvae showing the overlap between GFP-positive and PTTH-positive 

neurons. Arrows indicate the two PG neurons that are positive of both signals. 

Scale bar, 20 μm. 
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3.2.4 Alk and Pvr pathways function jointly with PTTH/Torso pathway to 
control developmental timing. 
 Since Jeb and Pvf ligands are expressed in the PG neurons, we propose that 

the loss of these ligands accounts for the difference of phenotype between PG 

neuron ablation animals and ptth mutants. To verify this hypothesis, we tested 

whether the Jeb/Alk and Pvf/Pvr pathways have synergic effect with PTTH/Torso 

pathway. 

We firstly confirmed the timing difference between wildtype control 

(phm>w1118) and Alk/Pvr suppression larvae. Knocking down of Alk using two 

RNAi constructs caused 10- and 18-hour developmental delay respectively 

(calculated by the time of 50% pupariation; phm>w1118, 116.16±2.19 hrs after 

egg deposit (AED); phm>AlkRNAi JF, 126.08±1.32 hrs AED; phm>AlkRNAi KK, 

134.24±1.29 hrs AED) (Figure 33A). Expressing a dominant negative Alk receptor 

in the PG (phm>AlkDN) caused developmental arrest at various larva stages, 

which may be due to some uncharacterized toxicity caused by the overexpressed 

proteins (Figure 33A). On the other hand, Pvr knockdown by one RNAi construct 

caused a 34-hour delay (phm>PvrRNAi GD, 150.43±2.44 hrs AED), but another 

RNAi construct resulted in L3 stage arrest. Expression of dominant negative Pvr 

receptor delayed pupariation by 36 hours (phm>PvrDN, 152.17±5.14 hrs AED), 

phenocopying the phm>PvrRNAi GD larvae (Figure 33B). These data confirm our 

findings in the targeted screening, showing that suppression of either Alk or Pvr 

receptor in the PG causes developmental defect. 

 Based on the results from the Alk/Pvr suppression animals, we chose 

phm>AlkRNAi JF and phm>PvrDN models to examine the combining effects of multi-

pathway suppression. Knocking down of Alk in the ptth mutants caused 

developmental arrest in 31% of the larvae and developmental delay longer than 

both ptth mutants and phm>AlkRNAi JF animals in the pupariating larvae (Figure 

33C). Further, the pupariated ptth120F2A; phm>AlkRNAi JF animals were all pupal 

lethal and some of them showed incomplete spiracle protrusion. In addition, some 

arrested larvae had tanned cuticle without apolysis (Figure 33E). These 
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observations indicate that Alk pathway functions synergistically with PTTH/Torso 

pathway. When suppressing Pvr pathway in the absence of ptth (ptth120F2A; 

phm>PvrDN), we also observed a developmental delay longer than ptth mutants 

and phm>PvrDN animals, representing an additive effect of the two genetic 

changes (Figure 33D). Taken together, these data demonstrate that loss of 

PTTH/Torso signaling together with either the Alk or Pvr pathway leads to a 

stronger developmental defect than single pathway blockage, suggesting that the 

Alk and Pvr pathways are the proposed additional pathways that cause the 

stronger timing phenotype in the PG neuron ablation model. 
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Figure 33. Alk and Pvr pathways function jointly with PTTH/Torso pathway 
to control developmental timing. 
(A) Pupariation timing curve of phm > w1118 control and Alk suppression larvae. 

Two RNAi lines, TRiP JF02668 (phm>AlkRNAi JF) and VDRC KK107083 

(phm>AlkRNAi KK), were tested. Phm > AlkDN larvae arrested at pre-L3 or L3 stage, 

which appears as a flat line in the figure. (B) Pupariation timing curve of control 

and Pvr suppression larvae. Two RNAi lines, VDRC GD43459 (phm>PvrRNAi GD) 

and VDRC KK105353 (phm>PvrRNAi KK), were tested. Phm > PvrRNAi KK larvae 

arrested at L3 stage, which is presented as a flat line. (C and D) Pupariation timing 

curve of Alk and Pvr suppression larvae in ptth mutant background. TRiP JF02668 
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Alk RNAi line and dominant negative Pvr were used to suppress the receptors 

respectively. (E) Images of pupae of ptth mutant animals with or without Alk or Pvr 

suppression. The ptth120F2A; phm>AlkRNAi JF animals that experience normal 

pupariation (left), incomplete pupariation without spiracle protrusion (middle) and 

failed pupariation (right) are shown. 
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3.2.5 Activation of either Alk or Pvr pathway accelerates development. 
Since suppression of Alk and Pvr pathway exacerbated the developmental 

defect caused by ptth mutation, we then sought to test whether activation of the 

two pathways rescued the developmental delay in ptth mutants. In wildtype 

background animals, activation of either Alk (spok>AlkCA) or Pvr (spok>Pvr) 

pathway caused overgrowth of the PG (Figure 34A) and acceleration of 

development (Figure 34B). Interestingly, the early pupariation activities were only 

observed using spok-Gal4, a PG-specific driver that has much weaker activity 

than phm-Gal4 driver. Both phm>AlkCA and phm>Pvr arrested at L1/L2 stage, and 

expression of constitutively activated form of Pvr (PvrCA) using even the weak 

spok-Gal4 driver caused pre-L3 arrest (Table 2). These findings indicate that 

constitutive overactivation of Alk and Pvr pathway has detrimental effect in the PG, 

which is consistent with the fact that the expression time window of the receptors 

is limited (Figure 31). In ptth mutants, activation of either Alk or Pvr receptor 

rescued the developmental delay (Figure 34C and 34D), indicating that the Alk 

and Pvr pathway function through the same signaling cascade as the PTTH/Torso 

pathway, e.g. the Ras-Raf-Erk pathway and that the two pathways may function 

to enhance the PTTH/Torso signal specifically in L3 stage. 
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Figure 34. Activation of Alk and Pvr results in PG tissue overgrowth and 
acceleration of development. 
(A) Immunofluorescence images of PGs of control (spok>w1118) and Alk 

(spok>AlkCA) and Pvr (spok>Pvr) activation larvae which were stained with anti-

Spok antibody to mark the PG tissue. The outlines of PG are indicated by the 

dash lines. Scale bar, 50 μm. (B) Pupariation timing curve of Alk and Pvr activation 

larvae in wildtype background. (C and D) Pupariation timing curve of Alk and Pvr 

activation larvae in ptth mutant background. 
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 > AlkCA > PvrCA > Pvr 

spok > Advancement Delay Advancement 

phm> Pre-L3 arrest Pre-L3 arrest Pre-L3 arrest 

 
Table 2. Developmental timing phenotypes of Alk and Pvr activation larvae. 
The table summarizes the developmental timing change caused by Alk and Pvr 

activation using either a weak (spok-Gal4) or a strong (phm-Gal4) PG-specific 

Gal4 driver. Advancement, larvae pupariated earlier than the Gal4 driver control 

(spok > yw) animals; delay, larvae pupariated later than the control animals; Pre-

L3 arrest, animals failed to develop into L3 stage and die as L1/L2 larvae. 
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3.3  Discussion 
 The PG neuron-PG signaling axis plays a key role in the regulation of 

developmental timing in Drosophila. PTTH has long been regarded as the 

signaling molecule in this axis, however, data have accumulated recently 

suggesting that PTTH is not the only hormone produced by the PG neurons 

(Shimell et al., 2018). In this study, we screened RTKs for potential receptors in 

the PG that affect developmental timing and found two positive hits, Alk and Pvr 

(Table 1). We also observed that Jeb and Pvf, the ligands that activate the 

receptors are expressed in the PG neurons (Figure 32). These data uncover two 

novel signaling pathways that control developmental timing through the PG 

neuron-PG axis. Moreover, suppressing the Alk and Pvr receptors in ptth mutants 

resulted in more severe developmental defect than suppressing the receptors 

alone (Figure 33C-33E), indicating that the two receptors function jointly with the 

PTTH/Torso pathway. In addition, these data also provide an explanation to the 

discrepancy between the timing phenotype of the PG neuron ablation model and 

the ptth mutants (McBrayer et al., 2007; Shimell et al., 2018). 

 We also found that activation of the pathways caused overgrowth of the PG 

tissue and acceleration of development (Figure 34A and 34B). Compromised PG 

tissue growth were observed in both PG neuron ablation and ptth mutant animals 

(McBrayer et al., 2007; Shimell et al., 2018). Activation of the receptors in ptth 

mutants rescued the developmental delay caused by ptth mutation (Figure 34C), 

which may be due to the rescue of the reduced PG size. The PTTH/Torso pathway 

induces the Ras-Raf-Erk pathway which subsequently regulates both PG tissue 

growth and expression of hormone producing enzymes (Rewitz et al., 2009). It is 

reported that the Alk and Pvr pathways also activate the Ras-Raf-Erk in other 

tissues as well as cell culture models (Englund et al., 2003; Loren et al., 2001; 

Sansone et al., 2015; Sims, Duchek & Baum, 2009). Thus we propose that the 

two receptors function in the PG following the same signaling cascade, but the 

study on this hypothesis awaits future works. 

 Our data demonstrate a precise temporal control and coordination of multiple 
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signaling outputs from the PG neuron-PG axis. In the PTTH/Torso pathway, the 

strength of signal output is largely determined by PTTH expression level and the 

neuronal activity of the PG neurons. Torso receptor is constitutively expressed in 

the PG from embryonic stage (Rewitz et al., 2009). By contrast, the expression of 

PTTH shows a cyclic pattern which is determined by the upstream signal input 

from the PDF neurons and is highly upregulated at the time of pupariation 

(McBrayer et al., 2007). The activity of PG neurons is also activated at the end of 

L3 stage, stimulated by upstream AstA mediated neuronal signals (Deveci et al., 

2019). On the contrary, it is likely that the Jeb/Alk and Pvf/Pvr pathways are 

regulated by the expression control of receptors in PG cells. In this study we 

demonstrated the expression of Jeb and Pvf in the PG neurons using Jeb- and 

Pvf-Gal4 drivers (Figure 32), which cannot detect the temporal expression pattern 

of the proteins. Whether the expression of Jeb and Pvf follows a similar rhythm to 

that of PTTH is not known yet. However, we found that Alk and Pvr receptors are 

expressed in the PG specifically from mid-L3 stage (Figure 31), indicating that the 

two pathways are not functional prior to this stage. Considering the temporal 

control of Alk and Pvr expression in the PG as well as the fact that constitutive 

overactivation of the two pathways causes severe developmental defect (Table 2), 

we propose that the Alk and Pvr pathways may work as “backup” or 

“supplementary” signals to the PTTH/Torso pathway in the L3 stage when a strong 

stimulatory signal is required to induce high level of ecdysone production in the 

PG (Yamanaka, Rewitz, et al., 2013). From a perspective of biological design, it 

is efficient to express both the timing signal and its “supplements” within the same 

source (e.g. the PG neurons). Further, the signals are controlled at different nodes 

in the axis, e.g. the major timing signal PTTH/Torso at the PG neurons while the 

“supplementary” signals at the PG, which allows the “supplementary” signals 

being temporally regulated independent on the PTTH/Torso signal. 
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3.4  Materials and Methods 
3.4.1 Flies 

Unless noted, all flies were reared on standard agar-cornmeal food 

supplemented with yeast at 25 °C. Flies were cultured in 12:12 light-dark cycles: 

however, all experiments were carried out under constant light to avoid the 

potential impact of circadian cycle on developmental timing. Phm-Gal4 (Ono et 

al., 2006) and spok-Gal4 were used to drive gene expression specifically in PG 

cell. A collection of RNAi strains from Transgenic RNAi Project (TRiP) (Ni et al., 

2011) were used to carry out the targeted screening: UAS-Alk-RNAi JF02668 

(Bloomington Stock Center (BDSC), 27518), UAS-btl-RNAi HMS02038 (BDSC, 

40871), UAS-Cad96ca-RNAi HMC04150 (BDSC, 55877), UAS-CG10702-RNAi 

HMS02499 (BDSC, 42663), UAS-Ddr-RNAi HMC04190 (BDSC, 55906), UAS-

dnt-RNAi HMC06353 (BDSC, 67251), UAS-drl-RNAi HMS01918 (BDSC, 39002), 

UAS-Drl-2-RNAi HMC04172 (BDSC, 55893), UAS-Egfr-RNAi JF01368 (BDSC, 

25781), UAS-Eph-RNAi HMS01986 (BDSC, 39066), UAS-htl-RNAi HMS01437 

(BDSC, 35024), UAS-InR-RNAi JF01183 (BDSC, 31594), UAS-Nrk-RNAi 

HMC04375 (BDSC, 56936), UAS-otk-RNAi HMC04139 (BDSC, 55869), UAS-

Pvr-RNAi HMS01662 (BDSC, 37520), UAS-Ret-RNAi HMC04143 (BDSC, 55872), 

UAS-Ror-RNAi HMC05341 (BDSC, 62868), UAS-Tie-RNAi HMJ21428 (BDSC, 

54005) and UAS-Torso-RNAi HMS00021 (BDSC, 33627). UAS-Alk-RNAi 

KK107083, UAS-Pvr-RNAi KK105353 and UAS-Pvr-RNAi GD43459 from VDRC 

are used to confirm the receptor knockdown phenotype in the screening. UAS-

Pvr (BDSC, 58998), UAS-PvrCA (BDSC, 58496) and UAS-PvrDN (BDSC, 58431) 

are used to manipulate the activity of Pvr. UAS-AlkCA (Zettervall et al., 2004) and 

UAS-AlkDN (Bazigou et al., 2007) are used to manipulate the activity of Alk. 

JebTrojan-Gal4 is constructed from MIMIC insertion line MI03124 (BDSC, 36200) 

(Venken, Schulze, et al., 2011) following the developer’s instruction (Diao et al., 

2015). JebTrojan-Gal4, Pvf2,3-Gal4 (Jenelia Farm GMR77D12, BDSC 39966), 

UAS-GFP and UAS-mCD8-GFP are used to label cells expressing Jeb and Pvf 

ligands. Ptth120F2A mutant and combination lines made from it are used to test the 
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synergistic effect between Alk/Pvr pathway and PTTH signaling on developmental 

timing. 

2.4.2 Larva staging and developmental timing assay 
Before egg collection, flies were transferred to constant light environment for at 

least 2 days and all subsequent treatments were carried out under constant light. 

Eggs were collected on apple juice plates with yeast paste. Early L1 larvae were 

transferred to standard lab fly food with yeast paste after 24 hrs. For 

developmental timing assay, larvae were cultured until wandering stage and then 

the pupariation activities of larvae were recorded every 6 hours. For more precise 

staging of L3 stage larvae, larvae were cultured until late L2 stage and newly-

molted L3 larvae were picked out every 2 hrs and transferred to fly food without 

yeast paste. Then larvae were further cultured for a certain period and picked out 

for experiments. 

2.4.3 Fluorescence microscopy 
Larvae were dissected in PBS and fixed using 3.7% formalderhyde for 15 mins at 

room temperature. Tissues were then washed in PBS and mounted in 90% 

glycerol for imaging. All confocal images were captured using Zeiss LSM710 

confocal microscope.  

2.4.4 Immunohistochemistry 
Larvae were dissected in PBS and fixed using 3.7% formalderhyde for 15 mins at 

room temperature. Tissues were washed in PBS containing 0.1% Triton X-100 

(PBT) for 3 times and then permeablized and blocked simultaneously using PBT 

containing 5% normal goat serum (NGS) for 1 hour. Tissues were then incubated 

with primary antibody (anti-Alk, gift from Palmer Lab, 1:500; anti-Pvr, gift from 

Shilo Lab, 1:200; anti-PTTH, 1:500; anti-Spok, 1:500) in PBT containing 10% NGS 

overnight at 4 degrees, followed by 5 washes and then post-secondary incubation 

for 2 hours at room temperature. DAPI staining occurred for 5 minutes at the pen-

ultimate washing step after secondary antibody incubation. Finally, tissues were 

transferred to 70% glycerol/PBS mounting medium and then mounted on glass 

slide for imaging. Images were captured using a Zeiss LSM 710 confocal 
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microscope. 

2.4.5 Statistics 
GraphPad Prism software was used to carry out statistical analyses. Student’s t-

test was used to determine statistical significance. 
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APPENDIX I. Verification of the existence of additional signals 
produced by the PG neurons. 
 

MaryJane Shimell, Xueyang Pan, Francisco A. Martin, Arpan C. Ghosh, Pierre 

Leopold, Michael B. O’Connor and Nuria M. Romero. 2018. Prothoracicotropic 

hormone modulates environmental adaptive plasticity through the control of 

developmental timing. Development. 145, dev159699. 

 

 

Prothoracicotropic hormone (PTTH) function as a crucial signal that 

stimulates the function of PG and thus the control of developmental transitions in 

insects including Drosophila melanogaster (review, see (Smith & Rybczynski, 

2012)). In a recent work reported by Shimell et al. multiple ptth mutants were 

generated and studied to enhance the understand on the function of PTTH. The 

authors found that the ptth mutants exhibited a series of developmental defects 

including delayed development, increased body size, disrupted coordination 

between body and imaginal disc growth, increased critical weight under nutritional 

deprivation and compromised adaptation under nutritional insufficiency 

environment (Shimell et al., 2018). Besides the characterization of developmental 

defects, the authors also raised the possibility that some additional signal is 

produced by the PG neurons, which can explain the discrepancy on timing 

phenotype between PG neuron ablation model (McBrayer et al., 2007) and ptth 

mutants (Shimell et al., 2018). 

In this study, I designed and carried out experiments to test the existence of 

additional signal in the PG neurons. I firstly expressed TRPA1 ion channel in the 

PG neurons and successfully activated the neurons by transferring the larvae into 

higher temperature (Venken, Simpson & Bellen, 2011). In wildtype larvae, 

temperature shift at early-L3 stage causes acceleration of development (Shimell 

et al., 2018, Figure 7C and 7E), which may be due to the precocious PG neuron 

activation and PTTH secretion. Using this model, I further found that PG neuron 
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activation in ptth mutants also caused advancement of development (Shimell et 

al., 2018, Figure 7D and 7F), showing that PTTH is not the only signal that PG 

neurons send to the PG. This finding leads to the follow up study which is shown 

in Chapter 3. 

 A reprint of the published article is included in Appendix I and the article can 

also be accessed by the link below. 

 

https://dev.biologists.org/content/145/6/dev159699 
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APPENDIX II. Dpp signaling regulates developmental response 
to nutrient restriction in Drosophila. 
 

Linda Setiawan, Xueyang Pan, Alexis L Woods, Michael B O’Connor, Iswar K 

Hariharan. 2018. The BMP2/4 ortholog Dpp can function as an inter-organ signal 

that regulates developmental timing. Life Science Alliance. 1: e201800216. 

 

 

 Decapentaplegic (Dpp), a Drosophila homolog of mammalian BMP2/4, 

functions in a series of developmental events (review, see (Upadhyay et al., 

2017)). In the study described in this appendix, Setiawan et al. demonstrated that 

Dpp signaling plays an important role in developmental timing control through 

inter-organ communication between imaginal discs and the PG. In early L3 stage, 

imaginal disc derived Dpp are released from the disc and subsequently signal to 

the PG systemically to suppress ecdysone biosynthesis in the PG. As larva grows, 

more Dpp molecules are trapped within the discs which results in a decrease of 

circulating Dpp concentration. In this way, the systemic Dpp signaling reflects the 

growth status of the imaginal discs and coordinates developmental timing with 

peripheral tissue growth (Setiawan et al., 2018). 

 In this study, we firstly found that constitutively high level of systemic Dpp 

signaling resulted in delayed developmental transition of the animal (Setiawan et 

al., 2018, Figure 2). Then we sought to test whether suppression of the signaling 

caused any developmental timing change. It turned out that suppression of the 

signaling did not accelerate development but abrogated the critical weight 

checkpoint which controls the larval response to nutrient restriction (Setiawan et 

al., 2018, Figure 5). I set up the crosses and carried out the critical weight 

estimation assay. The results showed that knocking down of Mad, the key 

downstream signaling molecule of the Dpp signaling, cause precocious 

pupariation of undersized larvae during starvation, indicating a failure of body 

weight sensing in the animals (Setiawan et al., 2018, Figure 5F-5L). These data 
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demonstrate that the Dpp signaling is required for body weight sensing and the 

determination of the nutritional checkpoint. 

 A full reprint of the article is included in Appendix II. 
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